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Abstract
The work described in this thesis investigates the effect of modifying the band 
structure in order to reduce the threshold current and its temperature sensitivity in 1.55pm 
InGaAsP/InP lasers.
The threshold current, amplified spontaneous emission spectrum and lasing 
wavelength of a bulk InGaAsP laser have been measured in strong magnetic fields up to 
14 Tesla, over the temperature range 70 - 240 K. A study of the effect of a magnetic 
field, B, on the shape of the amplified spontaneous emission spectrum and the rate at 
which the amplified spontaneous and lasing spectra shift with B, confirms the formation 
of a quantum wire-like density of states distribution in the conduction band. At high 
temperature (T ~ 210 K), the value of the measured threshold current (1^), in the presence 
of an applied 14 T magnetic field, is 18% less than that measured with no applied 
magnetic field. However, at low temperature (T ~ 70 K), the value of I„, measured in the 
presence of 14 T is 20% greater than that measured with no applied magnetic field. As 
a result, the temperature sensitivity of denoted by the characteristic temperature T„, 
is increased from 75 K to 97 K.
To investigate the tlireshold current behaviour, theoretical calculations of gain and 
spontaneous emission spectra were carried out as a function of B and T. Results from 
these calculations provide, for the first time, a physical explanation for the surprising 
experimental observations, revealing that there are two competing effects caused by an 
increase in the band-edge density of states of a quantum wire laser, namely :
(i) The differential gain is increased, which tends to decrease k,,.
(ii) The transparency carrier density is increased, which tends to increase
Thus, depending on the magnitude of the gain required to reach threshold, 1^,, either
increases or decreases as a result of an increase in the DoS at the band edge.
Hence, if the volume of the laser active region remains constant, introducing 
further degrees of carrier confinement (i.e. changing the DoS distribution from that of a 
bulk laser to that of a quantum wire) increases T„, however, it does not necesscaily 
reduce as first anticipated.
Conversely, it is found that modifying the band structure by introducing 
compressive strain into the active region results in a reduction of In,, but no significant 
improvement in T .^ Spontaneous emission spectra emitted from a window etched into 
the substrate of a compressively strained InGaAsP multi-quantum well laser have been 
measured as a function of temperature and analysed to reveal information on the 
temperature dependence of the gain and Auger recombination.
In the compressively strained device measured, experimental results suggest that 
the temperature dependence of the gain is not a dominant factor in directly determining 
the measured T ,^ but instead, affects the temperature sensitivity indirectly through the 
non-radiative Auger recombination current, (via the temperature dependence of the 
threshold carrier concentration, n^ ,, (T)). Theoretical calculations suggest that the 
temperature dependence of n^  ^ iii this device, is close to that of the case of an ideal 
quantum well, i.e. n&cc T; implying that the differential gain does not show an enhanced 
temperature dependence, as postulated by other authors.
The measured T„ can be accounted for by the Auger current alone, with a 
contribution from the temperature dependence of the Auger coefficient, C(T), and also 
from nth(T). The Auger activation energy was determined from two different methods 
of analysis and found to be ~ 70 meV, which suggests band-to-band Auger recombination 
remains a significant loss process in the strained laser investigated.
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C h a pter  1
Introduction to Thesis
1.1 Introduction
The feasibility of stimulated emission in semiconductor lasers was first considered 
in 1961 [BER61] and in 1962 several groups reported lasing action in semiconductor 
diodes [NAT62, QUI62, HOL62]. Since then, the semiconductor laser has undergone 
considerable research and development to improve such properties as efficiency, threshold 
current density, temperature sensitivity and high speed performance. This thesis is a 
continuation of such research, in particular, the effect of modifying the band structure in 
order to improve efficiency, threshold current density and temperature sensitivity in 
1.55|LLm InGaAsP/InP lasers has been investigated.
This chapter gives a brief overview of the improvements in laser characteristics
gained from the developments made to date, and highlights some areas within which
there remains room for further improvement and indicates how such progress is expected 
to be achieved in the future. The latter part of this chapter explains the motivation for 
the research described in this thesis and gives an overview of its content.
1.2 Background to Laser Developments
Since the advent of the first homojunction semiconductor laser, there have been
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three major advances which have brought about considerable improvements in 
semiconductor laser properties:
(i) The Double-Heterostmcture (DH) Laser: This consists of a layer of active 
semiconductor sandwiched between two cladding layers of another semiconductor that 
has a relatively wider band-gap and also a lower refractive index. The band-gap 
difference helps to confine electrons and holes to the active layer, where they recombine 
to produce optical gain. At the same time the refractive-index difference confines the 
optical field close to the active layer. Both of these serve to reduce the threshold current 
density and by 1975 had been reduced by more than two orders of magnitude, such 
that J(i,~0.5kA/cm^ [ETT75].
(ii) The Quantum Well Laser : As growth techniques improved, high quality 
quantum well (QW) lasers with active layers on the scale of the de Broglie wavelength 
of electrons were achieved, thus quantum mechanically confining the elections and holes 
(carriers) into discrete energy levels. In addition to the advantage of being able to vary 
the lasing wavelength merely by changing the well width, more fundamental benefits 
were achieved as a result of the modified band structure and density of states distribution, 
as described below.
The broad energy bands in semiconductors allow the electrons and holes to 
occupy a wide range of energy and momentum values, but the useful laser output occurs 
at a sharply defined energy. Therefore, only a very small fraction of the injected carriers 
have the correct energy and momentum to contribute directly to the laser gain and most 
of the remaining carriers take part in spontaneous emission or non-radiative loss 
processes, both of which reduce the performance of the laser. However, the energy 
distribution of carriers is governed by the density of states (DoS) distribution and the
carrier occupation probability; the latter being determined by Fermi-Dirac statistics 
[MAD78]. The bulk laser has a parabolic DoS profile, whereas the QW has a step-like 
DoS distribution (as illustrated in chapter 2, figure 2.1b), which results in the carriers 
being distributed over a narrower energy range and consequently more filled states are 
able to contribute to gain. This results in narrower luminescence spectra and higher 
differential gain [COR93], i.e. more gain per injected carrier density. This can result in 
lower threshold current densities; GaAs/AlGaAs QW lasers with J„ ~50A/cm^ [ALF88] at 
room temperature were reported in 1988. Furthermore, QW lasers can exhibit reduced 
temperature sensitivity of threshold current [ZOR86] and reduced laser spectral linewidth 
and chirp [DER88].
(iii) The Strained QfN laser: It was originally proposed in 1986 that the modified 
band structure of strained III-V QW structures should lead to further improvements in the 
laser characteristics mentioned above [ADA86, YAB86]. These improvements were 
predicted because the built-in axial strain in the quantum well layer splits the degeneracy 
of the light- and heavy-hole states at the valence band maximum, and can lead to the 
highest valence subband having a low effective mass in the quantum well plane. This 
results in the valence band quasi-Fermi energy level moving at a faster rate with 
increasing carrier density, thus the condition for population inversion (i.e. the point at 
which absorption is equally probable as emission) is reached with lower carrier densities. 
This would then lead to a reduced threshold current/carrier density. In addition, the 
strain removes the cubic symmetry of the lattice, which can be used to selectively 
engineer the states at the valence band maximum, so that almost all the injected holes are 
in states of the correct symmetry to take part in the lasing action [ORE94, JON93]; this 
leads to an increase in the differential gain and thus a further reduction in the threshold
current/carrier density. Since all the non-radiative loss mechanisms depend on the 
threshold carrier density, these may also be reduced and the efficiency of the lasers 
increased. This is particularly marked in lasers operating at 1.5pm, where Auger 
recombination is believed to be reduced [ORE94] and intervalence band absorption 
effectively eliminated by the introduction of strain [RIN92, ADA93].
1.3 Future Developments
As discussed above, the step-like DoS distribution of a QW laser has several 
advantages over the bulk DH laser, and it has long been predicted that the introduction 
of further degrees of quantum confinement, through the growth of quantum wire (QWR) 
and quantum dot (QD) structures, will lead to further improvements in semiconductor 
laser characteristics, as a result of further enhancement to the DoS function. QWR and 
QD semiconductor lasers have been predicted to exhibit extremely low threshold currents, 
in the microampere range [ASA86, YAR88, MIY89], as well as narrower spectral 
linewidth [ARA84b] and reduced temperature sensitivity [ARA82] compared with their 
QW counterparts. Future optoelectronic devices may consist of densely packed low 
dimensional laser arrays along with their integration with low power electronics e.g. in 
optical computing.
However, the growth of high quality quantum wire and dot structures is 
considerably more difficult than the QW structures, so much less progress has been made 
in the fabrication and demonstration of such devices compared to the QW case. 
Nevertheless some improvements have been seen in earlier attempts to simulate quantum 
wire and quantum dot lasers, which involved the operation of DH lasers or QW lasers 
in high magnetic fields (the results of this work is reviewed in chapter 4). In this case.
the Lorentz force yields effective 2D confinement of carriers in the plane normal to the 
field axis, which leads to quantisation of the energy spectrum into Landau levels, as 
discussed in chapter 3.
1.4 Semiconductor Lasers for Optical Commmiications
An important application of semiconductor lasers is in the field of optical fibre 
communications, the aim of which is to ti’ansmit large amounts of information 
economically and reliably. As the optical signal propagates along the optical fibre it is 
attenuated because of fibre loss, it is therefore necessary to regenerate the signal through 
the use of a repeater. System cost considerations require that the repeater spacing be as 
large as possible and the transmission capacity maximised. The latter is limited by the 
chromatic dispersion in the fibre. Thus the choice of operating laser wavelength is 
related to the loss and dispersion characteristics of the fibre, which are found to have a 
minimum value at 1.55 pm and 1.3 pm respectively [AGR86]. Thus much effort has been 
devoted to developing reliable and efficient semiconductor lasers to operate at these 
wavelengths. The alloy InGaAsP grown on an In? substrate is one of the material 
combinations which can achieve this wavelength region [AGR86].
1.5 The T„ Problem
Long wavelength lasers (around 1.5pm) present difficulties when put to practical 
use because their lasing characteristics, especially threshold current (1(,J, are very 
sensitive to the ambient temperature [HOR79a]. Experimentally, the threshold current 
of semiconductor lasers is found to vary approximately exponentially with temperature 
and is often written as
U T )  = I, exp(T/TJ (1.1)
where is a constant and T„ is a characteristic temperature often used to define the 
temperature sensitivity of 1,^ . At room temperature T„ is typically > 150 K for short 
wavelength lasers (GaAs/AlGaAs), while for long wavelength (InGaAsP) lasers T„ is 
typically in the range 50-70 K. (A lower T„ value implies 1^,, increases more rapidly with 
increasing temperature).
This strong temperature dependence of in long wavelength lasers is a highly 
undesirable trait, since the performance of such lasers is limited at elevated temperatures 
and hence sophisticated circuitry is needed to maintain a steady laser operation. For this 
reason a considerable amount of experimental and theoretical work has been done to try 
to identify the origins of the temperature dependence of I„, in long wavelength lasers, in 
the hope that the T„ problem can be solved. Up to now, several mechanisms which 
explain the observed results have been proposed. They are (1) temperature dependence 
of the gain [YANSlb, YANSlc], (2) leakage of the injected carriers to the confinement 
layers [ETT79, YANSOa], (3) band-to-band Auger recombination [BEA59, HOR79a, 
THO80, HAU84], (4) temperature dependence of the optical absorption loss (intervalence 
band absorption) [ADA80], and (5) non-radiative recombination centres [HOR79b, 
NAH79, DUT80].
A range of studies have established Auger recombination [DUT81, SIG81, 
HAU85] and I VBA [ASA81] as the most significant loss mechanisms in long wavelength 
lasers, both of which were originally predicted to be significantly reduced in strained- 
layer lasers, due to the improved band structure [ADA86, YAB86]. This was predicted 
to lead to reduced threshold current and improved temperature sensitivity and differential 
efficiency. In practice, useful improvements have been obtained, but not on the scale
which was first anticipated. There is experimental evidence to suggest that strain has 
succeeded in eliminating I VBA [RIN92, FUC92, ADA93, JOI93] and that strain may 
reduce the Auger current at room temperature [THI91]. However, 1^ , remains strongly 
temperature dependent in strained-layer lasers, with only modest improvement over 
equivalent unstrained devices. This is now commonly believed to be as a result of the 
temperature variation of the non-radiative Auger current contribution, J^r [ORE93], which 
comprises the temperature dependence of the Auger coefficient (C(T)) and the 
temperature dependence of the threshold carrier density n^fT) (where Jnr(T) is assumed 
to be proportional to Cn^ ,^^ ). (However, some authors have dismissed this idea, proposing 
instead, that it is the temperature dependence of the gain alone, which is the predominant 
factor for the low measured T^ [0G 092a, 0G 092b, ZOU93]). In order to address this 
problem in the future it is necessary to determine the magnitude of the temperature 
dependence of C and n^  ^ in strained lasers:
It is assumed that Auger recombination is an activated process and the rate 
at which it increases with temperature can be described by an activation energy AE, such 
that C(T)=C„exp(-AE/kT) (1.2)
where the magnitude of AE is dependent on the Auger recombination mechanism (the 
various different processes are described in chapter 2). However there remains some 
uncertainty as to which Auger processes dominate in strained layer lasers and thus the 
value of AE remains uncertain. For direct Auger processes, AE can be quite large (-70  
meV). Phonon assisted processes are much less temperature dependent and therefore 
have smaller values of AE (-25 meV at room temperature).
n„,(X)^ In an ideal laser (i.e. no non-radiative losses), the chaiacteristic
temperature of the threshold current is limited by the temperature sensitivity of the
transparency current density. Theory predicts that the temperature dependence of the 
transparency carrier density is reduced by the effects of increased carrier confinement on 
the DoS distribution (where only the lowest conduction and valence subbands are 
occupied), such that [ARA82, YAR88]
f3/2 for a bulk laser
n  ^ ocT® , where s= for a quantum well laser (1.3)
U/2 for a quantum wire laser
In an ideal laser, in a regime where the threshold gain is well below the point where gain
saturation is a problem, the temperature dependence of n^ ,, is expected to be close to the
temperature dependence of n^ ,. Hence equation 1.3 is the basis for why QW lasers were
predicted to have higher T„ values than bulk lasers, and why quantum wire lasers are
anticipated to result in even higher T„ values than QW lasers.
Any non-ideal factors which degrade the differential gain, such as carrier spillover
into the hetetero-barrier, I VBA, or carriers occupying higher subbands will increase the
temperature dependence of n ,^, such that
n„, o c r+ 5
where 5=0 represents the ideal case as described above. The value of ô is dependent on 
the device structure and its exact value is therefore unknown. Thus when comparing T„ 
values from devices of different dimensional confinement, it is difficult to distinguish 
between the improvements due to carrier confinement effects and those which are a result 
of improved device material and structure.
1.6 Motivation
Since it has long been anticipated that further carrier confinement (QWR and QD 
lasers) should lead to lower threshold carrier densities and reduced temperature
sensitivity, the work presented in this thesis firstly presents a theoretical study of the 
effect of two dimensional (2D) carrier confinement and the resulting change in DoS 
distribution has on n„^  and its temperature dependence.
This is followed by an experimental investigation of such effects on 1^,, and its 
temperature dependence. Since quantum wire lasers are extremely difficult to fabricate, 
the change in the DoS distribution was brought about by applying a strong magnetic field 
to a bulk laser, effectively producing a quantum wire-like laser. This method has the 
added advantage in that it allows a direct comparison of I,^  and the T„ values of a bulk 
and quantum wire laser without changing the laser structure or material ie any changes 
are due to the confinement effects alone.
As part of the quest to solve the T„ problem, the latter part of this thesis describes 
an analysis which allows the temperature dependence of the laser efficiency (light output 
for a given injected current) below threshold to be measured, which provides information 
on the temperature dependence of the radiative and non-radiative (Auger) processes 
present. This analysis was applied to experimental results from a compressively strained 
long wavelength laser, in order to estimate the Auger activation energy AE for the device. 
A separate analysis is applied to the same experimental data to investigate to what extent 
the temperature dependence of the Auger current is influenced by C(T) and n,^(T).
1,7 Overview
This thesis is organised as follows. The following chapter summarises some of 
the basic principles of semiconductor laser theory and non-radiative loss mechanisms on 
which the presented research has been based. Chapter 3 describes the effect of a strong 
magnetic field on the motion of the carriers in a bulk semiconductor and how tliis may
lead to a quantum wire-like density of states distribution.
Chapter 4 begins with a review of the most relevant published work carried out 
on semiconductor lasers in a strong magnetic field. On application of a strong magnetic 
field, I,h was often reported to decrease at higher temperatures (>100K), as first 
anticipated. However, surprisingly, at low temperatures (<100K), Ij, was often reported 
to increase on application of a strong magnetic field, although no satisfactory physical 
explanation was given to account for this behaviour. In order to investigate this 
behaviour, theoretical calculations of gain and spontaneous emission spectra were carried 
out. The latter part of chapter 4 describes the theoretical model used for this 
investigation and presents and interprets typical results generated by it. These results 
provide, for the first time, an explanation for the unusual experimental observations, 
revealing that there aie two competing effects caused by an increase in the band-edge 
DoS of a quantum wire laser, namely :
(i) The differential gain is expected to increase, which would tend to decrease I,^ .
(ii) The transparency cairier density is also expected to increase, which would tend to 
increase In,.
Thus this work concludes that introducing further carrier confinement does not 
necessarily result in a lower threshold current as first anticipated, however it should 
improve the temperature sensitivity of I^ ,.
Chapter 5 describes the experimental airangement used to measure the threshold 
current, amplified spontaneous emission spectrum and lasing wavelength of a 
semiconductor laser as function of magnetic field, at various temperatures. This includes 
the design of the equipment that was purpose built to collect and transmit the laser 
emission from the centre of the magnetic field and also a discussion of the problems that
10
had to be overcome.
The experimental results are then presented in chapter 6, which were obtained by 
placing a bulk InGaAsP laser at the centre of a strong magnetic field. A study of the 
effect of a magnetic field, B, on the shape of the amplified spontaneous emission spectra 
and the rate at which the amplified spontaneous and lasing spectra shift with B, confirms 
the formation of quantum wire-like density of states distribution in the conduction band. 
As a result, on application of a strong magnetic field 1^ , was seen to decrease for T>100K 
and increase for T<100K, thus increasing the measured T„ by 30%. These results are 
explained qualitatively using the understanding obtained from the theoretical model 
presented in chapter 4.
Chapter 7 is a brief chapter which describes the experimental arrangement and the 
laser structures of the long wavelength devices used to produce Light-Current (L-I) data 
from light emitted from the laser facet and through a window etched into the top contact 
of the laser (i.e spontaneous emission). The two analyses presented in chapter 8 are both 
applied to the L-I experimental data presented in chapter 7, and both reveal information 
on the temperature dependence of the radiative and non-radiative laser processes. The 
first is a detailed investigation of the "1/L analysis", introduced by Poguntke and Adams 
[POG92a], which shows that the original published results [POG92b, ADA92] to be 
invalid due to the experimental airangement used to collect L-I data. After applying the 
analysis to the valid data, it is still found to be oversimplified due to the assumptions 
incorporated. The effect of these assumptions on the results of the analysis is 
determined. Even though there remains some uncertainty in the absolute value of the 
activation energy (AE) obtained from the analysis, for the devices measured, AE is 
estimated to be -70  meV. The analysis indicates that the temperature dependence of gain
11
does not directly contribute to the measured T^. It also shows that the value of the Auger
coefficient (C) is carrier dependent. The second analysis examines the magnitudes of the
temperature dependence of C and n„, for a strained QW laser. This suggests, for the
device studied, n,j, is approximately proportional to temperature (i.e close to the ideal
temperature dependence) and AE~70meV. The magnitude of the measured AE suggests 
Auger recombination 
band-to-band^remains a significant loss mechanism in this strained device.
The final chapter summarises the work and conclusions contained within the thesis 
and indicates how long wavelength laser characteristics may be improved upon in the 
future.
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Ch a pter  2
Semiconductor Laser Theory
2.1 Introduction
The purpose of this chapter is to highlight the basic principles of semiconductor 
lasers which the reader is expected to be familial" with to fully appreciate the work 
presented in this thesis. A more thorough examination of semiconductor laser theory 
and device performance can be found in several textbooks, such as Agrawal and Dutta 
[AGR86], Casey and Panish [CAS78] and Thompson [THO80b],
2.2 Laser Operation
Two things are required for laser operation:
(i) A gain medium that can amplify the electromagnetic (E-M) radiation propagating 
inside it and provide the spontaneous emission noise input.
(ii) A feedback mechanism that can confine the E-M field through well defined
optical modes. For a semiconductor laser, the optical feedback is obtained using cleaved
facets that form a Fabry -Perot (F-P) cavity, which provides a direction of selectivity for 
the process of stimulated emission and also a wavelength selectivity, since the feedback 
is strongest for wavelengths corresponding to the longitudinal modes of the F-P cavity. 
The mode confinement is achieved through dielectric waveguiding.
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2.3 Optical Gain
The gain medium consists of a semiconductor material, within which the electrons 
and holes (carriers) participate in three possible transition processes, namely spontaneous 
emission, stimulated emission and absorption. In thermal equilibrium, this material 
contains only a few electrons in the conduction band and a few holes in the valence 
band, hence stimulated emission is highly improbable and the rate of photon absorption 
exceeds the rate of emission.
To achieve optical gain (net stimulated emission), the semiconductor laser needs 
to be injected with carriers in order to increase the number of electrons (holes) in the 
conduction (valence) band; this is achieved by applying a voltage across the laser. When 
this voltage reaches a critical value, a condition known as population inversion is 
achieved, whereupon a photon will have the same probability of causing stimulated 
emission as that of being absorbed, i.e. the material is optically transparent. The 
corresponding injected carrier density required to reach this condition is known as the 
transparency cairier density, n^ ,.
As the cairier density is increased further the photon density is amplified, since 
the rate of stimulated emission exceeds that of absorption, i.e the material exhibits optical 
gain, g. This gain is found to increase approximately linearly with increasing carrier 
density [DUT82], and is therefore approximated by
g(n) = a(n -n j (2.1)
where a is the rate at which the gain increases with n, i.e. dg/dn.
The condition for gain was first stated by Bernard and Duraffourg [BER61] as
being
Efc - Ef, > hu (2.2)
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where h ü  is the photon energy and and are the quasi-Fermi levels of the 
conduction band and valence band respectively. Hence there is optical gain for photons 
with energy between Eg and Ef^  - Ef .^ (Numerical calculations of such gain spectra are 
presented in chapter 4 for a bulk laser in a strong magnetic field). The quasi-Fermi level 
of an energy band is dependent on the distribution of the caniers in the band and is 
related to the injected carrier density and the shape of the density of states function 
[AGR86]. Thus the gain characteristics are dependent on the density of states function, 
as discussed in more detail in chapter 4.
2.4 Density of States
The energy density of states (DoS) is obtained from the curvature of the energy 
bands in k-space (E(k) dispersion) and depends also on the density of available k states, 
which for unconfined energies is described by a parabola defined by an effective mass, 
m^. In the bulk material, carriers are free to move in all three dimensions (3D), thus 
E(k)=h ^ (k/+ky^+kg^)/2m*, resulting in an energy DoS function defined by [KAP93]
P 3^  = - J -  (spin included) (2,3)
This function is illustrated in figure 2.1a
2.4.1 Effect of Quantum Confinement on the Density of States
Quantum well lasers are realised by reducing the thickness, L ,^ of the active layer 
to the order of the de Broglie wavelength (A^ .) of carriers, i.e. typically < 100 Â. The 
carriers become quantum mechanically confined in the z direction, such that E  ^ is 
quantised into discrete energy levels but the energy states in the x and y directions
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Figure 2.1 Schematic description of the density of states versus dimensionality. The 
insets illustrate rectangular potential well configurations of the 
corresponding quantum confined structure, (a) Bulk (3D); (b) quantum 
well (2D); (c) quantum wire (ID); (d) quantum dot (OD). The crossed 
areas indicate occupied states for similar carrier density.
remain unchanged. This results in a step-like energy DoS function 
defined by
P2D ^  (spin included) (2.4)
TÜI I
where 1 = 1,2... is the level quantum number and 0(x) is the Heaviside function; 0=0 for 
x<0, 6=1 for x>0. This DoS function is illustrated in figure 2.1b.
This modification of the bandstructure and DoS is believed to be the cause of the 
observed improvements in QW laser characteristics (in comparison to bulk lasers), 
including higher differential gain, dg/dn, and reduced threshold current and its 
temperature sensitivity, as discussed in chapter 1.
Further improvements in such laser characteristics is expected with the 
introduction of m^fe-dimensional quantum confinement [ARA82, YAR88]. That is, not 
only is the thickness L ,^ but also the length Ly and/or width are reduced down to the 
order of generating what are referred to as quantum wire and quantum dot laser 
structures, as illustrated in figures 2.1c and 2. Id  respectively. The resulting DoS 
functions for the quantum wire laser is a series of peaks and for the quantum dot laser 
is a series of delta functions, defined by [KAP93]
_  ( 2 m ( F - P  ^-1/2nfiLX ^  (spin included) (2.5)
 ^ l,m
P od E  (spin included) (2.6)
i_m,n
respectively, where 1, m, n = 1,2, ... are the level quantum numbers. These functions are
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illustrated in figures 2.1c and 2. Id.
2.4.2 Effect of strain on the Density of States
The introduction of compressive strain into a crystal layer can be achieved by 
growing a thin epilayer of material of lattice constant a^  between two thick layers of 
lattice constant a ,^ where aj< ao. The lattice constant of the epilayer parallel to the plane 
is compressed to match that of the thicker layers, while perpendicular to the plane it is 
elongated, as illustrated in figure 2.2. This built-in axial strain splits the degeneracy of
 ^ a,|(= aO < 3 o < a ^
Figure 2.2 Illustration of the formation of a compressively strained layer.
the light- and heavy-hole states at the valence band maximum, and as a result the highest 
(heavy hole) valence subband becomes light-hole-like in the plane of the epilayer near 
the zone centre, which has the advantage of restricting the holes to a smaller range of k- 
vectors, thus reducing non-radiative losses such as I VBA and Auger recombination 
[ORE94]; this is discussed later in section 2.8.
The effect of reducing the valence band effective mass at the zone centre is to 
reduce the valence band DoS (see equation 2.4), such that the case of an ideal laser is 
approached, i.e. where m\=m% [COR93]. Figure 2.3 compares the DoS function of an
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Figure 2.3 Band edge transparency condition (Ef^ . - Bf^  = Eg) illustrated for (a) an 
ideal strained QW laser and (b) a lattice matched laser. The carrier filling 
of each band is illustrated by the shaded overlap region between the Fermi 
function and the density of states. The ’hole’ Fermi function = l-^y is 
used in the figure for clarity.
ideal strained QW laser to that of a lattice-matched QW laser. For each case the 
condition for transparency is shown, where the carrier filling of each band is shown by 
the shaded overlap region between the Fermi function and the DoS function, thus 
illustrating the fact that n^,(strained) < n„(unstrained).
2.5 Threshold Condition
Although optical gain occurs as soon as the carrier density increases above n^ ,, the 
laser does not emit coherent light until the number of carriers exceeds a critical value, 
Icnown as the threshold carrier density, n^ j,. This value corresponds to the point at which 
the accumulation of optical gain from a single pass between the cleaved mirrors equals 
the total optical losses that occur over the same distance, i.e. the net gain of one single 
pass is equal to zero.
The optical losses consist of both the loss of photons through the end mirrors, 0 ,„, 
which typically have a reflectivity R=0.3, and internal losses, O,. The latter is 
predominantly due to free carrier absorption [CAS78], although Intervalence Band 
Absorption (IVBA) is also believed to be significant in long wavelength unstrained lasers 
[ASA81], this is discussed in section 2.8.
Hence, at threshold, where the optical gain is equal to O, + 0 ,„, we have
g ^ r =  a , + (1/L)ln(l/R) (2.7)
where L is the cavity length and T, the confinement factor, is the fraction of the E-M
intensity
radiationjiwhich overlaps with the gain region. Hence using equation 2.1, n ,^ can be 
expressed as
%  = Fga/a + n„ (2 .8 )
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2.6 Threshold Cmrent Density, J
The injected caixiers recombine radiatively and non-radiatively to produce a 
current through the laser. Hence, at or below threshold, the current density can be 
expressed as
J — Jrad + Jnr (2.9)
JKûdiaü^i£jiunmiLdmsiîy.,J^,^^. This is proportional to the total spontaneous emission rate, 
Rgp, such that = edR,p and R^ p is approximately equal to Bn^ (assuming charge
neutrality), hence at threshold
Jrad =edBn.;,^ (2 .10)
where B is the radiative coefficient and d is the active layer thickness. (Near- threshold, 
the contribution to the current from the generation of stimulated emission can be 
neglected [AGR86]).
KonÆj3diath^uCMiTmL_dmsily.^^,,,. Possible non-radiative recombination mechanisms 
within semiconductor lasers include, non-radiative recombination at defects and 
interfaces, carrier leakage over a heterobairier and Auger recombination. It is believed 
that Auger recombination is the dominant mechanism in long wavelength lasers [AGR86 ], 
and is described in more detail in the section 2 .8 .
2.7 Light-Cmrent (L-I) Curve
In order to measure the threshold current density the light emitted from one facet 
is measured as a function of injected current, I, where I=wlJ (w is the active-region 
width and 1 is the cavity length). The resulting curve is often referred to as the light- 
current (L-I) curve and is strongly temperature dependent. Figure 2.4 is a schematic of 
a typical L-I curve.
21
Figure 2.4
Light
Output
(mW)
Linear regime 
dominaicd by 
siimulaicd emission 
Gradient ri
Spontaneous emission 
and non-radiative 
recombination \
Threshold Current
CuiTcnt I ( m A )
The turning point, at which the light output abruptly starts increasing, corresponds to 
the laser threshold. Below threshold the current mainly consists of spontaneous emission 
and non-radiative recombination and the light output consists of spontaneous and 
stimulated photons.
Once threshold is reached, the carrier density remains pinned to its threshold value 
n^ i, and a further increase in I leads to further light emission tlmough the stimulate^; 
emission process only. The slope of the linear region above threshold, dP^^,/dt is 
proportional to the differential (external) quantum efficiency (Th), such that
= 2 e/hU dP ,,/d I (2 .11)
Diffe?‘ential Quantum Efficiency, This is a measure of the efficiency above threshold 
for which current is converted into photons by stimulated emission, and is proportional 
to the ratio of the photon escape rate to the photon generation rate, i.e.
= n  W (a ,„ + o ,))  (2 .12)
where 14 is the internal quantum efficiency, which is the ratio of the radiative to the total
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recombination rates. However, above threshold it is assumed that all additional current 
is used to generate stimulated photons and thus T|;-l [AGR86 ].
2.8 Intrinsic Loss Mechanisms
The two intrinsic loss mechanisms associated with the T^ problem in long 
wavelength laser diodes are :
2.8.1 Intervalence Band Absoiption (IVBA)
This recombination process is believed to play an important role in long 
wavelength unstrained heterostructure lasers and is illustrated in figure 2.5. In the lasing 
process, an electron recombines with a hole near the valence band maximum, creating 
a photon of energy comparable to the bandgap energy. Eg. IVBA occurs when the 
photon is subsequently reabsorbed by lifting an electron from the spin-split-off band into 
a hole which has been injected into a heavy-hole band. This absorption loss leads to 
both an increase in the threshold current and its temperature sensitivity and to a reduction 
in the quantum efficiency above threshold. Since the bandgap is typically ~500meV 
greater than the spin-orbit-splitting in long wavelength lasers, and because of the need 
to conserve energy and momentum, the reabsorption is expected to take place away from 
the valence band maximum, i.e. at relatively large wavevector values.
As temperature increases, the occupied hole density of states is redistiibuted 
according to Fermi-Dirac statistics, such that more holes occupy states with higher 
energies and wavevector values, thus increasing the rate of IVBA. This leads to an 
increase in the temperature dependence of and thus reduces the measured T^ value.
The dotted line in figure 2.5a illustrates that in the case of short wavelength
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Figure 2.5 Intervalence band absorption shown schematically. k,vBA ^od Eivba is the 
wavevector value and energy of the hole in the heavy-hole band which 
takes part in the IVBA process.
(a) The dotted lines illustrate that in the case of shorter wavelength lasers, 
in order to conserve energy (larger Eg), IVBA requires holes in the heavy- 
hole band at larger wavevector values.
(b) The dotted line represents the valence band E-k dispersion of a 
strained layer laser. For IVBA to take place in a strained laser, holes in 
the heavy hole band are required at very large wavevector values.
lasers, in order to conserve energy, IVBA requires holes in the heavy-hole band at even 
larger wavevector values, at which the hole concentration is much smaller. Thus the 
IVBA process is much less probable in short wavelength lasers. It has recently been 
suggested that phonon-assisted IVBA could be of comparable magnitude with the direct 
absorption process in long wavelength lasers [HAU90, FUC93].
Figure 2.5b illustrates how the incorporation of strain can lead to the effective 
elimination of direct IVBA, owing to the resulting reduction of the heavy-hole mass. In 
this case, in order to conserve energy, the required wavevector of the hole involved in 
the reabsorption process is very high. However the probability of such a state being 
available is very low and thus it is near impossible for the process to occur.
2.8.2 Auger recombination
Auger recombination is a mechanism whereby an electron and a hole recombine 
without emitting a photon; instead they transfer their energy and momentum to another 
carrier. Figures 2.6a and 2.6 b illustinte the two major band-to-band Auger 
recombination (AR) processes. In the CHCC process, the energy and momentum 
released is used to excite a conduction band electron to a higher conduction band state, 
and in the CHSH process it is used to excite an electron from the spin-split-off band into 
a state in the heavy hole band. Many other possible Auger processes may occur, 
including phonon-assisted Auger. Two examples of a phonon-assisted AR processes are 
illustrated in figure 2.1c and 2 .Id. In the case of the CHCCP process, a heavy hole is 
produced in an intermediate state 1 ", which then interacts with a phonon and reaches a 
final state T ; as a result both the energy and momentum of the whole process is 
conserved. As with IVBA, owing to the need for energy to be conserved, band-band AR
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Figure 2.6 Schematic diagrams illustrating the direct Auger recombination CHCC and 
CHSH processes and the phonon assisted Auger recombination CHCCP 
and CHSHP processes, where C refers to the conduction band, H the 
heavy-hole band, S the spin orbit band and P the phonon.
is much more significant in long-wavelength lasers, since the process involves carriers 
with smaller wavevectors than in short wavelength lasers, for which the density of such 
carriers is larger.
It was originally predicted that the introduction of strain would significantly 
reduce band-to-band AR [ADA8 6 , YAB8 6 ], for the same reason IVBA was expected to 
be reduced, so much so that its temperature dependence would become irrelevant. The 
fact that the introduction of strain has not reduced to the extent that was originally 
predicted by the simple parabolic model is now thought to be due to the strongly 
nonparabolic nature of the bands at the high energies involved in the band-to-band Auger 
processes, and also due to the persistence of phonon-assisted AR in QW structures. 
Hence, its temperature dependence remains a significant problem.
It is estimated that in 1.5pm devices AR is responsible for more than 80% of the 
total current at room temperature [SIL94] in both lattice-matched and strained devices. 
This was originally considered to be due to band-to-band AR in both bulk and QW laser 
structures, however recent experimental evidence suggests phonon assisted Auger is the 
dominant loss process in both lattice-matched and strained QW structures [FUC93, 
WAN93]. This area remains uncertain and the work presented in chapter 8 indicates that 
band-to-band AR remains a dominant mechanism for the compressively strained QW 
laser investigated.
The Auger current, J„„ required as a result of the non-radiative recombinations, 
for a device with an undoped active region, is approximated to
Jnr(T) = C(T)n^' (2.13)
where C(T) is the temperature-dependent Auger coefficient and n,  ^ is also temperature 
dependent (as discussed in chapter 1). The momentum and energy conservation laws
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gives rise to an activation energy, AE, for each process. In the case of the CCCH 
process, only holes with energies greater than AE (with respect to the top of the valence 
band) can participate in the process. The number of such holes varies approximately as 
exp(~AE/kT) and thus the Auger rate can be approximated to
C(T) = Qexp(-AE/kT) (2.14)
where C„ is a constant, thus the larger the value of AE the more temperature sensitive the 
value of C and The activation energy is a constant that depends on the effective 
masses and the Auger processes [AGR86 ]. For band-to-band AR AE may be quite large 
(-70  meV) [ORE94]. However, conservation of momentum is acliieved much more 
readily with phonon-assisted processes and are therefore much less temperature 
dependent; AE is typically -25  meV at room temperature [ORE94]. Measurement of the 
value of AE should give an indication of the most significant AR processes that occur in 
semiconductor lasers.
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C h a pter  3
Semiconductors in a Magnetic Field
3.1 Introduction
This chapter describes the behaviour of electrons and holes in a semiconductor 
under the influence of a large magnetic field and its effect on the density of states 
function. This theory defines the equations used in the theoretical model described in 
chapter 4.
3.2 Motion of Caniers in a Magnetic Field
In the presence of a constant magnetic field (B) the carriers move under the 
influence of a Lorentz force along helical trajectories; the axis of the spirals aie parallel 
to the direction of the magnetic field. The projection of the motion into planes 
perpendicular to B yields circles which are traversed with the cyclotion frequency, 0) 
such that [SMI78]
(3.1)nie.h
where m i^,* is the effective mass of the electron or hole respectively.
The relaxation time T is the mean time during which the carriers are not scattered,
i.e. the time during which they do not interact with phonons other carriers or defects and
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is equal to the reciprocal of the scattering probability. According to the relation between 
the relaxation time and the revolution time, 27l/C0[, , the following two conditions exist :
L  CO^T > i ,  i.e. the magnetic fields are strong. The electrons/holes have closed 
orbits within periods of the order of or less than the relaxation time. In this case, 
according to quantum theory, only certain electron orbits are allowed, i.e. the cyclotron 
orbits are quantised.
2. < i ,  i.e. the magnetic fields are weak. The electrons/holes are scattered
several times within the time 27%/% so that their orbits are incomplete. In this case the 
quantisation of the cyclotron orbits is not achieved.
Landau was the first to calculate the energy spectrum of free electrons in a 
magnetic field within the framework of a theory of diamagnetism [LAN50]. The solution 
of the Schrodinger equation in the presence of a magnetic field (in the z direction) yields 
the differential equation for the harmonic oscillator, the eigenvalues of which, for the 
conduction band, are given by [SMI78]
E„ (n.k ) = E + —  + fn 4  —  n=0,l,2 (3.2)
* 2m! ' m„
where is the energy of the election in the conduction band and zero energy is at the 
bulk valence band edge. Thus the energy of the electron is made up of the kinetic 
energy of its undisturbed motion parallel to the magnetic field together with the quantised 
energy of the circular motion in the plane orthogonal to the field direction. The discrete 
levels given by the values of the integer n are known as Landau levels. Figure 3.1 
illustrates the splitting of an energy band in a magnetic field.
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Figure 3.1 Splitting of an energy band in a magnetic field. The function E(k) for a 
wave vector perpendicular and parallel to a magnetic field B=(0 ,0 ,BJ. 
Compare with the curve for B=0 (dashed curve).
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Figure 3.2 Conduction and valence band energy dispersion in the presence o f a strong 
magnetic field B(0,0,BJ. The conduction band Landau levels are 
separated by hcOj. and the valence band Landau levels are separated by 
Î1C0/ .
Similarly for holes in a non degenerate valence band, the energy is given by
kr I \=   L -  M + _  Ti(û^  Q.3)
where co/=eB /m \ and zero energy is at the bulk valence band edge. Thus the original 
bandgap transition no longer exists and the lowest energy transition (Eg*) is now equal 
to Eg + 16heB(l/me*+l/mh*) as illustrated by figure 3.2. The situation is more 
complicated in the case of degenerate valence bands [LUT56]; using the heavy-hole and 
light-hole approximation we might expect to get two sets of Landau levels.
3.3 Splitting of Landau Levels due to Electron Spin
In addition to the condensation of the energy levels into Landau levels a strong 
magnetic field has another effect. As shown below each Landau level is split into two, 
due to the lifting of the spin degeneracy of the electrons [SMI78].
n = 0
hco,
0 . - T
0 , +4-
Figure 3.3 Splitting of the Landau levels due to electron spin.
This spin contribution is equal to ± ‘/îg'pgB, the sign depending on the direction 
of the spin, pg is the Bohr magneton pg=eh/2m% and g* is a number known as the 
Landau g-factor. In'the presence of spin-splitting in the conduction band, it is necessary 
to add the spin term to the energy given by equation 3.2 so that
E =
2m :
n+~2\  /
± g 'p  g  n =0,1,2... (3.4)B
The value of g* for a free electron is 2 but because of the strong spin orbit coupling in 
semiconductors it may be very different from 2 , e.g in the case of InSb g*=-40 and for 
GaAs g*=-0.44. Since the effective mass of the valence band is an order of magnitude 
larger than that of the conduction band, the conditionT-eB/m,,*>l requires extremely lar ge 
fields in order to be satisfied. If the field is not large enough to generate Landau levels 
in the valence band, then neither will Landau level splitting be achieved. Hence any 
further discussion of Landau level splitting refers only to the conduction band.
The value of g* for a material may be determined experimentally by 
magnetooptics, however an approximate value can be determined by the expression given 
by B.Lax et al.[LAX58]
g = 2 j  _ m /n C  -  12  + 3E /A
(3.5)
where is the free electron mass and A is the spin orbit splitting. This value of g* may 
be enhanced in a quantum well structure, due to a many body effect [NIC83], however 
, this unlikely in a bulk structure.
3.4 Effect of a Strong Magnetic Field on the Density of States Distribution
The density of states function for a bulk laser was described in section 2.4, which 
for electrons, defines a spherical energy surface of radius wavevector k. In the presence 
of a strong magnetic field applied in the z direction, only states with transverse energies 
equal to {vL+Vi) h 03 are allowed in the k^ky plane. Therefore in this plane the continuously 
distributed states for B=0 are condensed on the orbits defined by a constant energy. The 
distribution of states parallel to the field direction (k )^ remains unchanged, thus in a 
magnetic field the surfaces of allowed energy are cylinders whose axes are parallel to B,
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Figure 3.4 Distribution of energy states in k-space without an applied magnetic field 
is defined by a sphere of radius k(k^,ky,k^) for a constant energy. In the 
presence of a strong magnetic field the allowed values of k  ^and ky are 
quantised, thus the energy states in k-space is defined by a cylinder for a 
constant energy.
see figure 3.4.
In k space, the density of states, per unit volume, along an orbit with quantum 
number n is given by (including spin) [MAD78]
p(n,k^) dk^  = ^
According to this, the number of states is the same along all orbits of different quantum 
number n, and is also independent of Iq. Using
p ( E ) = M M  (3.7)dE / dk
we can derive the expression for the density of states for each Landau level as a function 
of energy E\
where „ h (n+16)h(i)^ ^ .
This is for one Landau level only, the combined density of states of all Landau levels is
obtained by a summation over all partial bands whose edges are below the energy
= Ë  (X n. E J .d E „  (3-9)
n=0
The result is shown in figure 3.5 both for the conduction and valence band. The density 
of states tends to infinity at each edge of a partial band and decreases at higher energies 
proportional to The edges of the original bands are shifted by V^ fiCO; the conduction 
band edges to higher energies and the valence band edges to lower energies. (The spin 
splitting of the Landau level DoS has been ignored in this explanation for simplicity).
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Figure 3.5 Variation of the conduction and valence band density of states with 
energy, in the presence of a strong magnetic field. The effective bandgap 
Eg* = Eg + V2h(CL>c + û3c’)
This density of states function is the same shape as that of an ideal fabricated 
quantum wire laser structure (compare figure 2 .1c).
3.5 Broadening of the Density of States
In deriving the above expression for the density of states, we have assumed that 
an electron in the conduction band, for example, would remain in that state forever if it 
were not for interactions with photons (i.e. the energy of the state is sharp). In reality, 
interactions with phonons and other electrons from time to time scatter the electron into 
another conduction band state [ASA93]. It is presently believed that the relaxation time 
varies as a function of temperature, energy of the electron/hole and carrier density, but 
is typically of the order of O.lps [ASA93].This has the effect of broadening the sharp 
features.
The extent of the broadening is determined by the magnitude of T; the shorter the 
time between collisions the broader the levels become. If we assume the state decays 
exponentially with time, then the Fourier spectrum necessaiy to construct the time- 
dependent state has a Lorentzian shape. To include the level broadening we convolve 
the density of states expression with the Lorentzian lineshape function over all energies 
to obtain
p(E J =  J"p(EJL(E^dE, (3-10)
where
L(E J = -  ------------— -----------  (3.11)
^  (Eo - E , ) "  + Çh/Tf
L(Eq) is a normalised Lorentzian lineshape function centred at energy Eq. This is the
most commonly used function although more sophisticated lineshape functions have been
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derived [ASA93].
Figure 3.6a shows calculated DoS functions, with and without Landau level 
broadening (generated using the model outlined in chapter 4). This illustrates the 
suppression of the peaked structures in the conduction band of InGaAsP due to carrier 
scattering, assuming an intraband relaxation time of 0.1 ps. Owing to the large heavy 
hole effective mass, the broadened valence band Landau levels are effectively the same 
as the valence band with no applied magnetic field i.e C0T<1, see fig 3.6b. The effects due 
to broadening can significantly reduce the impact of the modified density of states on the 
laser performance.
Furthennore to make the effects of higher subbands negligibly small, the 
separation of the Landau level subbands must be greater than the thermal energy of the 
carriers, i.e. îieB/m^j* > k^T. This is satisfied at 270K for electrons in the conduction 
band (assuming m /-0 .04 ) when B > 1.5 Tesla, however typically mh*%0.4 (in InGaAsP) 
and thus at 270K, B must be greater than 15 T to achieve this condition.
The equations defined in this chapter are the core of the theoretical calculations 
described in the next chapter, which investigates the effect of the magnetic field on the 
performance of a semiconductor laser.
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Figure 3.6 Calculated unbroadened (dashed line) and broadened (solid line) density 
of states function for (a) the conduction band and (b) the valence band in 
14 Tesla magnetic field (using T = 0.1 ps).
Ch a pter  4
Strong Magnetic Field Effects on Laser 
Characteristics
4.1 Introduction
Section 1.2.2 described why one might expect to achieve improvements in laser 
chaiacteristics such as the differential gain and as a result of going from a bulk to a 
quantum well DoS distribution. Using the same reasoning, even further improvements 
in Ith are expected for a quantum wire DoS distribution. However this simple reasoning 
does not explain why in some cases moving to a quantum wire-like DoS function results 
in an increase in as seen in the experimental results presented in chapter 6  and in 
previous published results, as described in the literature review overleaf. The literature 
review summarises the most relevant published work and the conclusions the authors 
drew from it. Although some previous published calculations have been able to 
reproduce an increase in It,, on application of a strong magnetic field, there has been no 
suitable physical explanation for such behaviour.
In order to address this area of uncertainty and to obtain a deeper understanding 
of the physics of low dimensional lasers, theoretical calculations of gain and spontaneous 
emission spectra were cairied out as a function of magnetic field. This chapter describes 
the theoretical model used for this investigation and presents and interprets typical results
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generated by it. The interpretation is used to explain the experimental results presented 
in chapter 6 . The model has been used to investigate the following trends :
(i) The variation of n,,, as a function of magnetic field. This will indicate how one
might expect to vary with B.
(ii) The shift of the peak gain energy with B, dEg„,,,ydB. This will show
approximately how the lasing energy varies with B (dE,^/dB).
(iii) The changes in the shape of the spontaneous emission spectra as a function of B. 
This will provide information on the changes in the density of states function and 
the carrier distribution within the band.
In each case, the unknown parameters (threshold gain, relaxation time and g-factor) are 
varied to investigate their effect on the results.
4.2 Literature Review
Since the development of the semiconductor laser, only a relatively small number 
of studies have been published on the operation of such devices in a strong magnetic 
field. The earlier measurements [PHE63, GAL65, HSI81, BLU79, BLU81, BLU83, 
SME86] were made on heavily doped laser diodes, within which, the radiative processes 
involving impurity bands dominate. Following this, further measurements were made on 
GaAs/AlGaAs double heterostructure and QW lasers (with undoped active regions) 
[ARA82, ARA83a, ARA83b, ARA83c, GAV83, BER89 ], however very few results have 
been reported for InGaAsP/InP long wavelength lasers [ARA84a]. This section 
summarises the published experimental and theoretical results and conclusions of previous 
work, with which the magnetic field work presented in this thesis may be compared.
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4.2.1 Variation of Threshold Current with Magnetic Field
There has been no general trend for the change in I,,, on application of a strong 
magnetic field. With increasing field strength, is seen to decrease in most cases 
[SME8 6 , ARA84, BLU83, GAV83, GAL65]. This is generally believed to be due to the 
increase in the DoS at the band-edge, leading to a higher differential gain, thus allowing 
the threshold condition to be met with fewer carriers, i.e. less current. In some of these 
cases [BLU81, BLU83, GAV83] it reaches a minimum value and then starts to increase 
again as the field is increased further. There have also been reports on some devices 
showing that as the field is increased, I„, increases at one temperature while decreasing 
at a higher temperature [BER89, ARA82]. On the whole, when the temperature variation 
of I„, has been measured, both with and without an applied magnetic field, the T^ value 
for the device is seen to be larger in the latter case.
The only theoretical data which indicates that ly, should decrease at higher 
temperatures and increase at lower temperatures (thus increasing T„) was produced by 
Arakawa et al [ARA82]. Arakawa ascribes the cause of the temperature dependence of 
I(h in GaAs lasers to thermal spreading of the injected carriers, which as a result reduces 
the attainable Thus the improvement in the T„ value on application of B observed 
both experimentally and theoretically is attributed to the suppression of such thermal 
spreading due to the sharpening of the density of states function near the band edge. 
However no physical explanation is given for why 1,^  increases with B at lower 
temperatures.
Berendshot et al [BER89] observed the same I^  ^behaviour as Arakawa et al using 
an AlGaAs QW laser. They claimed that because In, increased with increasing B the 
efficiency of the laser system was not enhanced by the introduction of further carrier
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confinement. Their theoretical calculations using the Landau level density of states 
function predicts that at temperatures less than lOOK 1^ , should increase with increasing 
B; although they do not provide any physical explanations for this behaviour. Neither 
do they present results from their theoretical model which predict their observed initial 
decrease, followed by an increase, of threshold with B at higher temperatures (120K). 
Instead they postulate that the latter is due to the lasing energy shifting from free carrier 
to excitonic transitions, for which the lasing conditions may be different.
A proposed alternative suggestion for the cause of the observed reduction in 1^  ^
at high temperature is accredited to the suppression of any leakage current. The 
magnitude of any leakage current present can be estimated by comparing the changes in 
Ifl, caused by a magnetic field directed parallel (//) to the direction of the injected current, 
with the changes caused by a field perpendicular (L) to the direction of the injected 
current. Figure 4.1 illustrates how, in the latter case, one might expect the effect of the 
Lorentz force to suppress any movement of carriers in the z-direction, and thus reduce 
any leakage current over the heterobarrier that may be present. Arakawa et al observe 
that there is a significant difference between the effects of B // and L at 333K but very 
little difference at 253 K [ARA84a]. This implies carrier leakage is insignificant at low 
temperatures however at higher temperatures any reduction in I^  ^ due to the effects of a 
field perpendicular to I is due to the combination of the effects of the change in the DOS 
and the suppression of any leakage current present.
Smetser et al find that using a stripe laser at 46K, the experimental values of I„, 
with B / / 1 are about 7% lower compared with the values measured with B b_ I [SME8 6 ]. 
This is opposite to the behaviour observed by Arakawa at 333K [ARA84] and is ascribed 
to the deflection of any diffusion current within the plane of the active layer by the
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Figure 4.1 Under the influence of the Lorentz force, the carriers move in closed 
orbits in the y-z plane, and are therefore less likely to be escape over the 
heterobarrier.
Lorentz force, thus confining the current to the active region.
In summary, there have been two proposals for why I^ , decreases with increasing 
magnetic field :
(i) The condensation of the DoS at the band-edge implies less carriers (and therefore less 
current) are required to reach g, '^
(ii) The Lorentz force suppresses any leakage/diffusion current.
However there has been no satisfactory physical explanations for why one should expect 
1(1, to increase with increasing B at lower temperatures.
4.2.2 Shift of Lasing and Amplified Spontaneous Emission with Magnetic Field
In general the lasing energy versus B curve consists of a plateau at low fields i.e. 
a region where the lasing/amplified spontaneous energy is approximately constant; after 
which the energy increases lineaiiy with increasing B [BER89, GAV83, BLU81, SM E86].
Ar akawa et al [ARA83b] compared the rate of change of spontaneous peak energy 
with field, dE^p/dB, for a magnetic field applied // and L to the direction of I. They found 
that performing this experiment on a QW laser resulted in much lower dE^p/dB for B h_ 
to I than B / /1, which implies that the QW interrupts the cyclotron orbit. If the diameter 
of the cyclotron orbit was less than the well width, then the allowed energies and the 
dE,p/dB should be identical to that observed with B // to I. This is illustrated with a 
GaAs LED, within which the cyclotron orbit is able to be completed. With this device, 
the measured shift rate of the spontaneous emission peak is the same irrespective of the 
field direction. It is noted that the shift rate measured at laige fields is almost identical 
to the theoretical rate of the separation of the lowest conduction- and valence-band 
Landau levels with B (dEg*/dB). The much lower shift rate at low fields was thought
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to be due to the incompleteness of the cyclotron motion (i.e the condition 03j,T>l is not 
met at low fields).
However standard gain calculations by Bluyssen et al [BLU81] also predict a 
plateau region before the linear region. Their physical explanation for such behaviour 
is associated with the carrier distribution; they suggest that the shift of the peak can only 
be observed for fields at which the majority of the carriers at threshold occupy the lowest 
Landau level. That is, the separation of the Landau levels in the conduction band 
(heB /m /) is greater than the thermal energy k^T.
Bluyssen was later involved with a more complicated theoretical gain calculation 
[SME86 ] which also predicts a plateau region at low fields. This calculation 
incorporated a DoS function with both a field dependent band-edge and a field dependent 
lineshape of the Landau level. This effectively produces a DoS function with an abrupt 
band-edge (ie no Lorentzian tail-off), which is used to calculate gain spectra as a function 
of B. The calculated energy of the maximum gain at threshold is found not to shift with 
B at low fields, however does shift linearly at large fields at a rate similar to the increase 
in the effective band-gap. This theory appears to produce a good fit to the experimental 
data at high and low fields.
If we take a closer look at the experimental data at low fields, in some cases 
[GAV83, BLU79] the lasing energy is seen to shift to lower energies before reaching the 
linear region. Bluyssen concludes that this is following the shift of the Fermi energy. 
However in reaching this conclusion he has assumed n,,, to be independent of B, which 
he later shows not to be the case [BLU81].
In theory the increase in the effective band-gap energy with magnetic field is 
dEgVdB = - Vigp.  However, in all of the discussions surrounding experimental
47
data gathered from GaAs lasers, g* has not been referred to. This may be because data 
books estimate g*—0.44, which would give a very small change compared to the first term. 
However an InAs diode was seen to lase at two energies separated by 4 meV at 20 T 
[GAL65]. The gradient of dE^/dB could not be described by the first term alone, 
however including the spin term using g*~7 (theoretical value of g*~8) does account for the 
measured dE^/dB.
4.2.3 The Effect of a Magnetic Field on the Spontaneous Emission Spectra
There have been very few reported measurements of the spontaneous emission as 
a function of magnetic field. The existing results on GaAs diodes [ARA83a, ARA83b] 
show that on application of 30 Tesla the FWHM value of the spectia is reduced by 30% 
at 200K and 25% at 8 OK. This change is attributed to the sharpening of the density of 
states function at the band-edge.
4.3 Theoretical Model
Having reviewed previous published work above, the model used in this work to 
calculate gain and spontaneous emission spectra as a function of magnetic field is now 
described. This model is herein referred to as the "conventional" model, as it is has been 
the most widely used method of calculating gain spectra [COR93 and references within]. 
The conventional model involves calculating the gain spectra for an ideal DoS 
distribution (i.e unbroadened), the result of which is then broadened using the Lorentzian 
function (equation 3.11). In reality the conduction and valence band states are 
independently broadened, however this model makes an approximation, by assuming that 
it is the transition energy E^  ^ that is broadened, rather than the separate DoS functions.
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The carriers are assumed to be completely quantised in the x-y plane and free to 
move in the z direction, with their energy and momentum in the z direction defined by 
parabolic bands in both the conduction and valence band. These calculations only 
include transitions between the lowest conduction band and the heavy hole valence band. 
However, this is thought to contain all the essential physics required to investigate 
underlying trends in laser characteristics, since the majority of the holes populate the 
heavy-hole valence band [CHU93].
 ^' - y  V/,* '
4.3.1 Gain Calculation
The linear gain in a semiconductor laser structure is given by [COR93]
= (4 ) P > „ )  ( fc (E .) - f .(E j)  (4.1)\nuj/ e^cm^n^
where hCD is the energy of the photon, n^  is the refractive index of the active region, S„ 
is the permittivity of free space, e is the electronic charge, m^ the electron rest mass, c 
is the speed of light in-vacuo and h is Plancks constant divided by 271. The other terms 
are discussed in more detail below.
\Mjf:  M t is the transition matrix element, which determines the rate of the
absorption and emission of photons, and is assumed to be independent of energy. In the 
case of the bulk laser IMt-P=2/3IM„P (including spin), where is referred to as the 
momentum matrix element and is dependent on material parameters [COR93]. For 
Ga,jIn,.,^ASyPi.y/InP (where y=2 .2 x - the condition for lattice matched layers) the matrix 
element, IM I^ /^m ,^ can be approximated to [JON93]
1 M j  Vm„ = (20.7+4.6y)/2 (eV) (4.2)
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PreÂ^cv)' The reduced density of states is determined assuming strict k-selection for 
the transition energy The model assumes a Landau level structure for both the 
valence and conduction band and incorporates the splitting of the Landau levels in the 
conduction band, however the splitting of the heavy hole valence band Landau levels is 
ignored. Thus we have
e r  = E  + l î L  + (n4l]  b g  +  i  g-n  B (4.3)8 O *  \ 2/ *2n\ed ' '
W ith the conduction band splitting included, the reduced density of states becomes
(4.4)
UTcn; n=o ' m,gj '
such that p%gj(E^ gy) represents the possible transitions between the valence band and the 
positive spin-split level (+y^g*pB) and p\gj(E\.y) represents the possible tiansitions 
between the valence band and the negative spin-split level (-‘/4g*pB). 
f,,(E,) , fy(EJ: 4  and f^  are known as the Fermi functions and define the electron
occupation probability as a function of energy for the conduction and valence band 
respectively at a particular temperature T; they are defined as [AGR86]
k,vK.v) =
1 4- e x p (B , , -
(4.5)
where E^ and Efy are the non-equilibrium quasi-Fermi levels in the conduction and 
valence bands, the positions of which vary as a function of carrier density. Thus before 
f(. and f^  can be calculated, E^ and Ef  ^ must be determined.
It is assumed that the number of injected electrons, n ,^ equals the number of 
injected holes, %, in which case
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n, = 2 J r ,(E.)(1 - f / E ) ) d E  (4-6)
(where l-fy(EJ is the hole occupation probability in the valence band) and
n = J ( pi:(E) + P:(ED ) f,(B ) dE (4-?)
where p / ’'(Ej.'^ ’ ) is a modified version of equation 3.8 which includes the spin-splitting, 
such that
Thus an iterative process is used, varying the values of E^ and Ef^  until the 
calculated values of n  ^ and n,, are within 0 .1% of the value of the carrier density for 
which the gain spectrum is calculated.
The total gain for each photon energy h©  is evaluated using equation 4.1, by 
summing the gain contributions from each set of Landau levels. However this gain 
spectrum has been calculated using the ideal density of states functions. To allow for 
broadening effects due to scattering, it is assumed that a transition between the 
conduction and valence band is no longer sharp, but has an energy spread over a range 
AE =  h /T  on each side of the expected energy transition, where AE ~ 7meV for a typical 
value relaxation time T=0.1ps [ASA84, YAM81]. This implies that an incoming photon 
with energy, îiCO, will not only interact with transitions given by Eg^=h©, but also with 
transitions with an energy spread of E,.,,= h©  ± AE. T o include the spectral broadening 
of each transition, we convolve the ideal gain spectrum with the Lorentzian function 
L(Eq) (see equation 3.11), in so doing relaxing the strict k-selection rule, thus a more 
realistic gain spectmm, G(h©), is calculated using
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G ( to )  =  J g ( to )  L(E„) dE, (4.8)
Broadened gain spectra (G(h©)) can then be calculated for various values of 
magnetic field, g-factor (g*), temperature (T), carrier density (n) and relaxation time.
4.^.2 Spontaneous Emission Calculation
The spontaneous emission spectra can be calculated using [COR93]
R , . . ( W  = k  1‘ P .c /E J  f t / t o )  f  (E ) (1 - f,(E.)) (4.9)\ntu/ s^n^nio
where p,pj(h©) is the optical mode density given by (4.10), where ïï is the refractive index.
P.p,(W = (Em)' (4-10)7T (hc)^
The spontaneous emission spectrum is calculated in exactly the same way as the 
gain spectra and also convolved with the Lorentzian function; this spectrum can also be 
calculated as a function of B, g*, T, n and T.
The flow chart in figure 4.2 summarises the algorithm for the computer model 
used. Some typical results and their interpretation are presented in the following section.
4.4 Calculated Gain Spectra Anomalies
Figure 4.3a shows a typical set of calculated gain curves generated, using the 
conventional model, before and after introducing the Lorentzian broadening function. 
(Figure 4.3b shows the same broadened gain spectra, but on a different scale). Note that 
after incorporating the effects of scattering, the gain spectrum appears to contain some 
unphysical features [YAM87, AHN89, KUC90, KES91]:
(i) Transparency (G^ ^^  ^ = 0) does not occur when the fèrmi level separation equals
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set parameters 
B, T, n, g* and t
calculate gltioo) and
calculate reduced density of states
calculate valence band density of states
calculate broadened gain spectrum  Gfboo)
calculate conduction band density of states
determine position of valence band Fermi level
determine position of conduction band Fermi level
calculate broadened spontaneous emission spectrum
Figure 4.2 Summary of algorithm used to calculate the gain and 
spontaneous emission spectrum
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Figure 4.3 Calculated gain curves with and without the inclusion of the Lorentzian 
broadening function. The dotted lines represents the condition for 
transparency (Ef  ^ -Efy=Eg*). The dashed lines are calculated such that the 
peak of the broadened gain spectrum is equal to zero. The solid
lines show specra for > 0 .
the bandgap sepai'ation. Using this model, when the Fermi level separation is equal to 
the bandgap separation, G is negative for all energies.
(ii) At carrier densities for which the calculated > 0 there appears to be 
absorption below the bandgap separation. However if there is positive gain for filled 
states separated by an energy one would also expect gain >  0  for all transition 
energies below the position of That is, one would not expect absorption to be more 
probable at low energies, if gain is more probable for higher energies.
Unfortunately these anomalies are due to convolving the ideal gain spectra with 
the Lorentzian function and therefore cannot be avoided using this conventional method 
for calculating gain spectra. Thus it is accepted that there may be errors in the resulting 
calculated magnitude of however it is shown below that this does not affect the 
trends which are being investigated.
It is now bejieved that a more accurate algorithm would involve calculating the 
gain spectra g(hO)) from the broadened conduction and valence band DoS functions 
(herein referred to as the BDoS model), although it is computationally more complex 
[YAM87, KES91]. The BDoS model was also attempted although the gain spectra 
information for energies less than the band-gap was not calculated, (the algorithm used 
for the BDoS method is outlined in appendix A). The following section compares results 
from the two models.
There is also another method for calculating the gain spectra, often referred to as 
the Henry method [HEN80, KES91, CHU93], which calculates the gain spectra directly 
from the calculated spontaneous emission spectra, however, this has not been examined 
here but should be investigated in any future research of this nature.
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4.5 Compaiison of Two Theoretical Models
4.5.1 Comparison of Differential Gain
Figures 4.4a and 4.4b show the calculated variation of and g,^ ^^  with carrier 
density respectively, for B = 2 and 14 Tesla and at 70 K and 240 K. To incorporate 
broadening the conventional model uses the value Ti„=0.1ps, which is the reciprocal 
intraband scattering probability averaged between the electrons and holes such that 
l/Tjn = V2(1/Tj, + 1/Tj [ASA89], where and are effective mass dependent. However 
the BDoS model uses % and % rather than thus to ensure the results from the two 
models can be directly compared, the calculations have been carried out using m^ * = m,,* 
for convenience, and therefore, in this case % = = Tj„. Figure 4.4 shows that under the
same conditions both models produced identical differential gain plots i.e dg„,„/dn = 
dG„,ax/dn, although the absolute values of G„^ j^  and n generated by the conventional model 
are displaced by a constant value which is independent of B.
4.5.2 Compaiison of Change in position of G with B, dEc„,^ /^dB
Figure 4.5 shows that although the different models produce different magnitudes 
of peak gain, the change in the energy position of the peak as a function of B is the same 
in both methods, i.e dE^^^^/dB = dEg,„„^dB. This figure also shows that the calculated 
dEcnax/dB is independent of the value of
4.5.3 Comparison of Spontaneous Emission Spectm
Figure 4.6 compares spontaneous emission spectra generated from the two 
methods for B= 8  and 14 Tesla. These have been generated using different values of 
carrier density to produce the same peak value, as indicated in the figure. This illustrates
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Figure 4.6 Comparison of the calculated spontaneous emission spectra generated by 
the conventional and BDoS model. The values of n were chosen such that 
the magnitude of the spectrum maximum was the same for each model.
that although the spectra generated by the conventional model is slightly broader than the 
BDoS method, the features occur at approximately the same energy and thus the 
measured shift in the peak energy with magnetic field, dE^p/dB, is equal.
In summary, although there are errors in the magnitude of , the conventional 
model is sufficient to explore trends such as: dG,„^/dn as a function of B, dE^^^/dB, 
dEjp/dB and the effect of B on the shape of the spontaneous emission spectra.
4.6 Paiameteis Used to Model a Bulk InGaAsP Laser
Experimental measurements have been carried out on a 
bulk double heterostructure Ino.56Gao44Aso.95Po.05/ InP 
laser in fields upto 14 Tesla, the results of which are 
presented in chapter 6 . The parameters used in the 
model to simulate such a laser are given in the table 
opposite and some typical results are presented in the 
following section. The effective mass values have been 
calculated using the interpolation formula published by Kiijn [KRI91], which maps the 
binary compounds onto the quaternary composition space. M„Vra„ is calculated using 
equation 4.2. Although equation 3.5 predicts g* ~ 3, a value of g*=0 is initially used in 
the model for simplicity, however , the effect of g* > 0  is discussed in the next section.
Eg 800 meV
0.0437m,
m \ 0.375m,
M„Vm„ 12.4 eV
g* 0
T 0.1 ps
4.7 Interpretation of Theoretical Results
4.7.1 The Caiiier Density Dependence of G , dG/dn
Figure 4.7 presents the G^g^(n) curves as a function of magnetic field calculated 
for a temperature of 70 K. Note however, that due to the anomalies inherent to the
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Figure 4.7 Calculated peak gain (0^^^) versus carrier density as a function of 
magnetic field at 70 K. From this plot it is possible to determine how the 
canier density varies as a function of magnetic field in order to achieve 
a fixed peak gain.
model is equivalent to > 0 i.e the true transparency condition occurs at a
corresponding negative value of One can see that the magnetic field ffects the
G„,ax versus n curve in the two following ways :
(i) It increases the transparency carrier density. This is to be expected since the 
density of states at the band-edge is increased, thus more carriers are required to 
reach the condition for population inversion.
(ii) Above transparency, the rate at which the peak gain increases with increasing n, 
dG„,^/dn^ increases. Again, because there are a larger density of states near the 
band-edge, after reaching transparency, any further injected carriers remain near 
the band-edge and therefore contribute to the gain.
As a result of the above^the versus n curves at high and low magnetic fields 
intersect at a certain gain value G;,,^  . Thus depending on whether the gain required to 
reach threshold, G^ j^ , is above or below Gj„t determines whether, with increasing field, n^ , 
decreases or increases respectively. This phenomenon is illustrated in figure 4.8a, which 
depicts how n„^  varies with magnetic field to achieve a constant G^ ,,. For example, the 
value of G;„t for the 2T and 14T at 70 K is seen from figure 4.7 to be ~ 50 c m \  Figure 
4.8a shows that if G^^=-10, then increasing B from 2T to 14T results in an increase in 
however if G^,=+90, the same change in B would result in a decrease in Uji,. Figure 4.8b 
shows the calculated change in n^  ^ as a function of B at a temperature of 240K. Note 
that if Gy,=-30, an increase of B from 2T to 14T would result in a decrease in Uy, at 240K 
but an increase in Uy, at 70K.
JEactons .effecting _dG„„,^ /dn_and
Temperature : Whatever the DoS function, as temperature increases dG„,„ydn decreases. 
However, the rate at which it decreases is lower in the presence of a strong magnetic
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Figure 4.8 Calculated carrier density versus magnetic field for various values of 
at (a) 70 K and (b) 240 K.
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field than no magnetic field. As a result decreases as temperature increases; as 
illustiated in figure 4.9a.
scatteting time, T In the above calculations the scattering time was set at the typical 
value of O.lps [ASA84, YAM79]. As X is decreased the gain spectrum becomes broader, 
this has the effect of increasing transparency and decreasing dG„,„ydn, thus reducing Gj„^  
, as illustrated in figure 4.9b.
g-factor : Introducing Landau level splitting effectively introduces more broadening. 
Figure 4.9c shows that increasing g* has no effect at low fields, however at 14T, 
transparency increases and dG,^^/dn decreases slightly as g* increases, resulting in an 
increase in
(Note, any change in the variation of gain versus n curves with B, will be 
reflected in the n ,^ versus B curve.)
4.7.2 Sliift of G Energy with Magnetic Field, dE
Plotting the position of the peak gain as a function of magnetic field should show 
approximately how the lasing energy of a device will shift as a function of B. There 
may be a slight difference due to the fact that the laser can only support discrete Fabry- 
Perot modes. One might expect this to approximately follow the increase of the effective 
band-gap, E*g, as a function of B , which can be detennined using dE*g/dB = Vzhe/m*^^ - 
V2gV
The dashed line in figure 4.10 shows the calculated increase in Eg* with B, ( 
dE*g/dB=1.48 meV/Tesla). This can be compared with the Ec„,ax versus B curves 
generated from calculated values of the position of G„,^ as a function of B. At large 
fields the gradient dEg^^^/dB is of the same order as the calculated dE*g/dB, and is shown
64
Peak gain position vs Magnetic field
820
>CDE
E
/ /LU
COE
810o
co
c/5oCL
0 5
0)CLU
800  ^0 2 4 6 10 12  1 48
Magnetic Field (T)
Figure 4.10 Calculated energy position of the peak gain (EcmaO versus magnetic field 
for Gn,ax = -70 cm’* and +90cm’*. The dotted line shows how the effective 
bandgap (Eg*) increases with magnetic field.
to be independent of However at low magnetic fields (B < 6T), the variation in the 
position of the peak energy is seen to differ for different values of This non-linear 
region is believed to be affected by the repositioning of the Fermi-energy, due to the 
change in the DoS function and an initial decrease in (as shown in figure 4.9a). This 
region of the curve is discussed further in chapter 6 in relation with the experimental 
lasing energy versus magnetic field (dE^/dB) curves.
Factors effecting dE •
scattering time, T : As T decreases dE^^^^/dB decreases, as illustrated in figure 4.11a. 
This figure also demonstrates that dEG,^^ /^dB does not significantly vary with temperature. 
These results are comparable with those calculated by Berendschot et al [BER89]. 
g-factor: Since dE*g/dB = Vitidm  - V2g \ i  and dEg^^^/dB is seen to closely follow dEgVdB 
at high fields, increasing g* reduces E*g/dB and therefore reduces dE^^^^^/dB, as illustrated 
in 4.11b.
4.7.3 Tlie Effect of a Magnetic Field on the Spontaneous Emission Spectra
Figures 4.12a and 4.12b show calculated spontaneous emission spectra as a 
function of magnetic field at 7OK and 240K respectively. The spectra are much broader 
at higher temperatures due to the thermal distribution of the carriers in the bands, which 
is governed by the Fermi function. It can be seen that at both temperatures, the peak 
intensity increases as the magnetic field increases, due to the increase of the density of 
states at the band-edge. At the same time the energy of the spontaneous peak and the 
low energy tail of the spectra increase to higher energies due to the increase of the 
effective band-gap, which is a result of the separation of the lowest conduction- and 
valence-band Landau levels. The rate at which the peak shifts is seen to be independent
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Figure 4.11 The dependence of the calculated energy position of the peak gain versus 
magnetic field on (a) the relaxation time and temperature, and (b) the g- 
factor and
For high fields,
of temperature and in these cases is measured to be 1.4meV/Tesla.  ^th e  rate was found 
to decrease as T decreased; for example, for T^O.OSps, the shift rate was calculated as 1.2 
meV/Tesla.
For each curve in figure 4.12 the carrier density is kept constant at n=0.1xl0‘® 
cni ^  and the integral of each curve over all energy remains independent of magnetic 
field. This demonstrates that although the shape of the density of states function is 
affected by the magnetic field, the total number of states remains unchanged.
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C h a pter  5
Experimental Arrangement
5.1 Introduction
This chapter describes the equipment used to record the spectral data and 1,^  as 
a function of magnetic field and temperature. The superconducting magnet was 
introduced to Surrey University in 1989 and before my work, had only be used for 
transport measurements. For the first time optical measurements have been carried out, 
thus the designs used to transmit the laser light out of the magnet system aie also 
described.
5.2 The Superconducting Magnet
The Cryogenic Consultants superconducting magnet consists of a high field 
solenoid which, when cooled to 4.2 K, was designed to reliably produce stationary fields 
upto 14.5 Tesla within a 53 mm bore. The solenoid has been constructed in two 
sections; the inner section is wound from filamentaiy niobium tin wire, the outer from 
niobium titanium wire. The magnet is driven using a maximum of 120 Amps. The coil 
voltage limit of 10 Volts allows a maximum ramp rate of 2 Tesla/minute and can be 
operated in forward or reverse direction with a homogeneity of +/- 0.1% over 10mm 
DSV (diameter sample volume). The operating parameters for the magnet can either be
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set manually or by a PC microcomputer via the IEEE serial interface. The magnet is 
housed in a low loss aluminium/glass fibre cryostat evacuated to less than 10'^ torr and 
immersed in liquid helium. Figure 5.1 illustrates all the components which make up the 
magnet system.
A variable temperature insert (VTI) passes centially through the magnet bore, 
providing the means for temperature variation of samples within the magnetic field 
between 1.6 K and 300 K. The diameter of the sample space, for which the sample arm 
was designed, is 24 mm. Using a pump connected to the top of the VTI, liquid helium 
is drawn from the main reservoir through a needle valve and through a heat exchanger 
into the sample space, where there is a temperature sensor for the temperature controller. 
This was found to be a poor design since the sample is fixed below the heat exchanger 
and therefore takes a very long time for its temperature to reach an equilibrium, which 
can be significantly different to the set temperature. Using this method the quoted 
temperature stability is 0.1%. However this method was found to be unsuitable for 
working at temperatures above 50K. Instead, the temperature was varied manually by 
drawing helium into the sample space at a fast rate for a short time and measurements 
carried out at whatever temperature the VTI settled at. However, ramping the magnet 
to high magnetic fields requires large currents which, due to induced eddy currents within 
the sample arm and VTI, causes a slight increase of temperature within the VTI. To 
compensate for this, a small amount of helium was drawn into the VTI. Using this 
method the temperature stability is ± 0.5K.
A separate carbon glass temperature sensor (Lake Shore Cryogenics) was mounted 
very close to the laser . The corresponding calibration curve was prograrmned into the 
temperature controller enabling the temperature of the immediate surrounding to be 
monitored.
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Figure 5.1 Schematic diagram of the superconducting magnet system.
The system design provides optical access via four water free quartz windows; 
two in the VTI and two in the cryostat casing. These windows are situated underneath 
the cryostat with their field of view being along the solenoid axis, thus to access them 
the magnet is raised 1.5 m using a compressed air hydraulic system. These were the first 
optical measurements using the magnet and hence, it was necessaiy to design a sample 
arm to fix the laser at the centre of the field, orientated such that the light output was 
directed through these windows.
5.3 Laser Light Collection
5.3.1 Design 1 - using windows
Figure 5.2a shows the initial design of the sample aim used to fix a 
semiconductor laser at the centre of the magnetic field. To achieve 3 dimensional 
confinement a QW laser is mounted such that the magnetic field is paiallel to the 
direction of current flow; the QW confines the carriers in the z direction and the field 
confines them in the x and y directions, see figure 5.2b. The light from the laser is 
reflected by the mirror onto a fused silica collimating lens (Ealing Electrooptics), having 
a numerical aperture of 0.65. The resulting parallel beam passes through the four 
windows, is reflected by another mirror and then focused by a second lens onto a 
detector or spectrometer. This design could be used with both unbonded laser chips or 
diamond bonded devices.
This arrangement worked well when the magnet system was at room temperature, 
however, several problems were encountered during the process of cooling the magnet, 
which resulted in contamination of one or more of the windows and hence the output 
from the laser could not be detected. The magnet system was stripped and cleaned on
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Figure 5.2a Initial design of the lower part of the sample arm. This was intended to 
collect the laser emission and reflect it through the windows at the base 
of the magnet.
C>
Figure 5.2b Orientation of the laser with respect to the magnetic field. The Lorentz 
force confines the carriers in the x-y plane and the QW confines the 
carriers in the z direction, thus producing a quantum dot-like laser.
several occasions, however, this did not solve the problem. A number of possible causes 
were investigated :
i) Poor design o f the window at the base o f the helium resetvoi?'. This window 
was set in a well and thus many contaminating particles became trapped in the well 
covering a large proportion of the window. A quartz glass cylinder was purchased and 
placed in the well in an attempt to rectify this, however in so doing the window cracked 
and was therefore replaced with a ’top hat’ design.
ii) Contamination o f the liquid nitrogen and helium used. To eliminate this 
possible cause a very fine aluminium mesh filter was attached to the transfer arm used 
to transfer the liquid helium, in addition, filter paper was used to line the funnel used for 
the pre-cool with liquid nitrogen. Both steps slowed the cooling process down 
tremendously, without significant improvement.
Hi) Frozen nitivgen within the sample space. With the above methods in use 
it was found that the windows remained relatively uncontaminated when the magnet was 
pre-cooled to 77 K and the laser output could be detected. However, cooling further 
resulted in the windows becoming opaque, due to the presence of small amounts of 
nitrogen in the sample space freezing on the window. Removing all traces of nitrogen 
proved to be difficult because of the VTI design and the fact that nitrogen gas is denser 
than helium gas.
At this point a second sample arm design had just been completed (description 
overleaf), which did not rely on clear windows, hence the first design was abandoned.
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5.3.2 Design 2 - using an optical fibre
The second design incorporates an optical fibre and thus does not rely on clear” 
windows, the configuration is shown in figure 5.3a. For simplicity a mirror has not been 
used, instead the laser is mounted such that the direction of the magnetic field is parallel 
to the cavity length direction i.e. perpendicular to the direction of current, see figure 5.3b. 
In this arrangement a quantum dot-like laser cannot be achieved, however, using a bulk 
laser a quantum wire-like laser can be achieved irrespective of the relative field direction 
[ARA83b]. Again, both unbonded laser chips or devices bonded to a heat sink can be 
used, although some problems were incurred with the epoxy used to bond the diamond 
heat sink to the electrical contact; as the sample was cooled the diamond came free and 
the contact was broken. The use of laser chips held in the clip is recommended for 
future work. The laser facet is less than 1 mm away from the end of the fibre and its 
position in the x-y plane is adjusted to achieve maximum light collection.
The fibre used consists of a 1 mm silica core and 1.1 mm silica cladding which 
has a small coefficient of expansion and can withstand rapid thermal cycling. The fibre 
was supplied by Tech-Optics (SGNIOOO) fitted with a standard SMA fibre connector at 
one end, the coupling loss of which is quoted to be 0.7 dB. However, this material has 
a low numerical aperture of 0.22, allowing approximately 50% of the light emitted by the 
top facet of the laser to be transmitted to the outside of the cryostat. Since the stainless 
steel sample arm has a much larger coefficient of expansion than the fibre, the jig  that 
holds the laser in place is clamped to the optical fibre and not to the sample arm so as 
not to put any stress on the fibre when cooled. However, two brass guiding pins 
provides some mechanical support, restricting any lateral movement.
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Figure 5.3a Second design of the lower part of the sample arm. This collects the laser 
emission using an optical fibre and transmits it through the top of the 
magnet system.
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Figure 5.3b Orientation of the laser with respect to the magnetic field. The Lorentz 
force confines the carriers to the x-z plane, thus producing a quantum 
wire-like laser.
5.4 Data Acquisition
5.4,1 Measuicment of Light-Cmnent CuiTes
Driving current through a semiconductor laser can cause heating of the active 
region which can degrade the performance of the laser or even destroy it. However if 
the laser is bonded to a suitable heat-sink this heat is effectively dissipated enabling it 
to be operated CW without much degradation of performance. However lasers which are 
not adequately heat-sunk must be operated with a pulsed current or voltage source to 
prevent such heating; typically pulse widths of 2ps are used at a frequency of IkHz.
a) Using Constant Current : Figure 5.4 is a schematic diagram showing the 
equipment used to measure the L-I curve of a laser driven by a constant current source. 
Software was written for a BBC microcomputer to control the current source and a digital 
voltmeter via an IEEE interface. The light transmitted through the fibre is monitored by 
a small area germanium photodiode, which has inbuilt amplification for increased 
sensitivity. For each value of drive current supplied to the laser a corresponding voltage 
measured across the photodiode is recorded, which collectively form the L-I curve. 1^ , 
and the external efficiency are calculated by the BBC, by performing a least squares 
fit to the lineal- region above threshold and extrapolating back to the x-axis.
b) Using Pulsed Current : The current pulses aie provided by a voltage pulse 
generator. The pulses aie monitored using a Tektionic current probe which produces 
ImV/mA, and the light output is measured using a fast germanium detector. A 50 Q  
resistor is placed in series with the laser to match the impedance of the coaxial cable and 
pulsing unit. Figure 5.5 illustrates the experimental arrangement. Pulsing the laser 
generally introduces more noise into the measuring system, since the pulses provided by 
the generator often suffer from ringing or spikes. To minimise this both the measured
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Figure 5.4 A schematic diagram showing the experimental arrangement used to 
measure L-I curves using a CW current source.
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Figure 5.5 A schematic diagram showing the experimental arrangement used to 
measure L-I curves using a pulse generator.
current pulse and the detected voltage pulse are fed into a dual channel boxcar. The 
boxcai' averages over the central part of the pulse ( sampling gate width ~ Ips) where there 
is least distortion to the pulse shape. The measured DC outputs from the boxcar are 
connected to a DVM via a relay box. A BBC microcomputer is used to switch the relay 
box and record the L-I data measured by the DVM. 1,^  and are measured as above.
5.4.2 Spectral Measurements
The spectra results presented in chapter 6 were collected using a Vim spectrometer 
installed with a grating with 600 lines/mm and blazed at 1pm; the experimental 
arrangement is shown in figure 5.6. The two lenses were initially positioned using a 
white light source, this was then replaced with the laser light enritted from the fibre. A 
cooled germanium detector was clamped to the exit slit of the spectrometer. The output 
from the detector was input to a lock-in amplifier, the reference for which was obtained 
from the trigger output of the pulse generator. Hence the lock-in only averaged the 
detected signal with the same repetition rate as the current pulse, thus eliminating 
background noise. The intensity of the detected light is proportional to the DC voltage 
output from the lock-in amplifier. With the spectrometer set at the lasing wavelength, 
small adjustments were made to the positions of the lenses to maximise the detected 
signal.
A BBC microcomputer is used to record the light intensity as a function of 
wavelength. The spectrometer dial is attached to a stepper motor which can be operated 
in forward or reverse direction. The BBC software allows the wavelength, wavelength 
step size and the lock-in time constant to be set. The longer the time constant, the longer 
the length of time over which the measured signal is averaged; this is important when
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Figure 5.6 A schematic diagram showing the equipment used to measure laser 
spectra.
measuring low intensities, where the signal to noise ratio is small. For each set 
wavelength, the measured analogue DC signal from the lock-in is passed to the analogue 
input of the BBC. The data is displayed on the VDU and saved on a 5V^ " floppy disc.
Two different laser emission spectra were recorded, each providing different 
information on the characteristics of the laser:
a) Lasing Spectra : The spectral output of the laser were recorded for injected current 
pulses with amplitudes approximately twice It,,. The expected Fabry-Perot mode 
separation for a 260pm laser is ~ 1 nm, thus the spectrometer slits were set at 200pm 
providing a resolution of 0.3 nm. A wavelength range of lOnm is scanned, measuring 
the primary lasing mode and the secondary modes either side of it. Since the signal is 
strong, with very little noise a time constant of 300ms could be used, so that it only took 
a few seconds to record the spectrum.
b) Spontaneous Spectra : These spectra were recorded with the laser injected with 
current pulses of magnitude approximately half I^ ,. The intensity of the spontaneous 
emission is very low and thus to measure it the slits of the spectrometer are set to 
1000pm, decreasing the resolution to 1.6nm, however, this was adequate since no sharp 
features were expected to be observed. A wavelength range of 150-200nm, depending on 
temperature, is required to measure the full spectrum. Owing to a small signal to noise 
ratio a long time constant of 3 s is used, thus taking several minutes to record a 
spectrum. For this reason one had to be confident that the VTI temperature had 
stabilised before starting to collect data.
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C h a p t e r  6
Experimental Magnetic Field Results
6.1 Introduction
This chapter presents the measured vaiiation of I,,, and facet emission spectra, 
above and below threshold, for a bulk InGaAsP laser, as a function of magnetic field and 
at various temperatures. The main objective of this experimental work was to verify that 
the application of a strong magnetic field to an InGaAsP laser results in 2D carrier 
confinement (and hence a change in the Density of States function), and to investigate 
whether this leads to improvements in the magnitude of the threshold current and its 
temperature variation.
The experimental results are explained qualitatively using the understanding 
obtained from the theoretical model presented in chapter 4. In particular, for the first 
time, the low temperature behaviour of the threshold current can be explained.
6.2 Device details
Unstrained 1.55pm buried heterostructure bulk lasers, provided by BTL, have been 
investigated, the details of which are listed below.
laser chips from  wafer A T 1080: The active region consists of an Ino^gGao^^AsoggPogg 
layer of thickness 0.16pm and a room temperature bandgap of 0.8 eV, lattice-matched to
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an n-type InP substrate and capped by a layer of p-type InP. After a two-step regrowth 
process, the active region has a width of 1.2pm and is surrounded by InP. The laser 
chips were cleaved to a length of 260pm and their room temperature threshold current 
was 12mA.
Results from two identical laser chips from this wafer are presented, one of which 
was bonded to a diamond heatsink and driven CW (chip 27904). The other was mounted 
in the clip and driven pulsed (referred to as chip 1080). In both cases the lasers were 
orientated such that the cavity was parallel to the direction of the magnetic field, hence 
the simulation of a quantum wire laser was anticipated.
Results
6.3 nireshold Cuiient
Figure 6.1 shows the results for the threshold current variation with magnetic field 
at several temperatures ranging from 80K to 21 OK, for the CW driven chip 27904. At 
210 K, application of a 14T field results in a 18% decrease in I,^ , in comparison with the 
case of no applied field. However at 78.5 K, the same field induces a 20% increase in 
It,,. As a result, the measured T„ value at 14 T (T„=97 K) is larger than that rueasured 
with no applied magnetic field (T„=75 K), as shown in figure 6.2. Similar results were 
obtained from pulsing chip 1080, although measurements were made at fewer 
temperatures.
As discussed in chapter 4, the effect of the magnetic field is to increase both the 
transparency current density and the differential gain, such that the maximum gain versus 
carrier density curves, with and without a magnetic field, intersect at a gain value g,,,,, as 
illustrated in figure 6.3. Theoretical calculations indicate that the value of g,„t decreases
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Figure 6.1 Plot of the normalised measured threshold current versus magnetic field 
(B) at various temperatures. For fields greater than 8 Tesla, at low 
temperature I,,, increases as B increases, and at high temperature 1,^  
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Figure 6.2 Plot of the natural log of the threshold current as a function of 
temperature, measured with and without an applied strong magnetic field. 
The gradient of this plot is equal to the characteristic temperature T .^ 
is seen to increase on application of a 14 Tesla field.
with increasing temperature.
Figure 6.3 demonstrates that if gi„^(high temperature) < g^ ,, < gi„t(low temperature), 
then on application of a large field, one would expect n^ , to increase at low temperatures 
and decrease at high temperatures. Since is directly dependent on n ,^, ie an increase 
(decrease) in n^ , will result in an increase (decrease) in I^ ,, the theoretically predicted 
trends in nu, explain the trends observed in I,^ . This scenario is even more likely if g,], 
increases slightly with temperature due to an increase in the magnitude of non-radiative 
losses, such as inter-valence band absorption.
Figure 4.8 demonstrates the behaviour of n i^ as a function of B for various values 
of Gn,ax- Notice that in both theory and experiment, n„^  and ly, tend to initially decrease 
as a field is applied, they then reach a minimum and begin to increase. Figure 4.8 
indicates that the lower the temperature, the smaller the magnetic field at which the 
turning point occurs. Thus, at low temperature and large fields, It^  is more likely to be 
larger than its value with no applied field.
6.4 Quantum Differential Efficiency
Figure 6.4 shows the measured L-I curves as a function of magnetic field at 21 OK. 
It can be seen that, although I(^  decreases as B increases, the magnetic field has no 
measurable effect on the quantum differential efficiency,!^. As stated in section 4.2.1, 
previous work has indicated that there are two possible causes for an observed decrease 
in threshold, namely a change in the density of states (DoS) function and suppression of 
any leakage current over the hetero-barrier.
According to equation 2.11, the presence of any internal loss mechanism, such as 
leakage current, would serve to reduce the measured T ,^ hence if the observed reduction
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Figure 6.4 Measured L-I curves at various applied magnetic field strengths.
At 210 K, I(h is seen to decrease with increasing field, however any effect 
of the field on the measured external differential efficiency is negligible.
in lu, at 21 OK (at which temperature leakage current is most likely to exist) is due to a 
suppression of any leakage current present, one would also expect to observe an increase 
in the measured differential efficiency. Since this is not the case, it is believed that the 
measured changes in 1^ , are due to a change in the density of states function induced by 
the magnetic field. The following section also supports this conclusion.
6.5 Amplified Spontaneous Emission Spectra
The facet emission spectra have been measured at injection currents approximately 
equal to (Note that since this is facet emission, they are not pure spontaneous 
emission since they will be affected by the gain properties of the laser cavity). The 
spectra have been measured over the temperature range 70 - 240 K and are presented in 
figures 6.5a - 6.5e, Each figure shows, for a particular temperature, the spectra measured 
for a constant injected current, I,,,p, as a function of magnetic field, (the magnitude of 
and the temperature are indicated on each figure).
In each case, the measured shape of the high energy side of the spectra is seen 
to be independent of field, which suggests that over this energy range the shape of the 
reduced DoS function is independent of magnetic field; a reason for this is proposed 
later. If this is the case, then the fact that over this energy range the measured intensity 
is also independent of field indicates that the carrier density is also independent of 
magnetic field. This is because, although the shape of the density of states close to the 
band edge may be changing with magnetic field, the total number of states is a constant.
Since the injected current (I„,p) remains constant, where I~=B^,n^+Cn^, it is believed that 
and C (the radiative and non-radiative recombination coefficients) are also independent 
of magnetic field.
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Figure 6.5 Measured amplified emission spectra as a function of magnetic field at (a) 
240.0 K (b) 183.0 K (c) 157 K (d) 101.5 K and (e) 72 K. The value of 
the injected current, I, at which the spectra were measured and the value 
of the measured threshold current is indicated on each figure.
Figure 6.6 shows facet spectra with and without an applied strong field for several 
current injections. It is seen that for each value of injected current, the application of B 
does not effect the high energy spectra intensity and thus the carrier density. This 
suggests B„ and C remain independent of B at all carrier densities. It had previously 
been suggested by Beleznay et al that B^ would be expected to be independent of 
magnetic field [BEL65, BLU81], which is in agreement with our interpretation.
The low energy side of the spectra (near- the band edge) is seen to shift to higher 
energies which suggests that Landau Levels are created and are seen to shift as B is 
increased; it is shown later that the rate of this movement is in close agreement with that 
expected from theory.
I f  these spectra were pure spontaneous emission spectra (i.e. not amplified) and 
both n and B„ are unaffected by the magnetic field, one would expect the total integrated 
light (J,„j) to be independent of magnetic field (as observed with calculated spontaneous 
emission spectra).
Figure 6.7 is a graph showing how the measured total light varies as a function 
of magnetic field at each temperature; the variation being due to the effects of 
gain/absorption. The observed trends can be compared with the threshold current 
behaviour. At 72K, for example, the total light intensity is significantly reduced when 
a field of 14T is applied, however the threshold current was seen to significantly increase. 
Hence, since the facet emission spectra were measured using a constant injected current 
I„,p, the ratio lasp/Iui will decrease with increasing magnetic field. Hence one might expect 
the rate of stimulated emission along the cavity length to decrease with increasing B, 
since the closer to threshold the current is, the larger the material gain i.e. the intensity 
of stimulated emission. However at 240K, the threshold current decreases with
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Figure 6.7 A plot of the normalised integral of the amplified emission spectra as a 
function of magnetic field at various temperatures.
increasing field and thus increases, hence the measured total light increases at large 
magnetic fields.
It is interesting to note that at 183K, there is very little change in the total light 
measured with B, even though the threshold current decreases with B at this temperature. 
One explanation for this is, although for this injected current (and carrier concentration) 
the gain maximum may vary with magnetic field, the integrated area under the whole 
gain spectrum may be independent of magnetic field. If so, then the effect of the gain 
spectrum on the integral of the amplified emission spectrum will also be independent of 
magnetic field. This set of data shows the shift of the low energy side of the spectra with 
magnetic field and also shows that the shape of the high energy side of the spectra is 
independent of magnetic field; making it of interest to compare it to theoretical 
spontaneous emission spectra calculated as a function of magnetic field for the same 
temperature. It is for these reasons the 183K data set was chosen to compare the rate at 
which the position of the peak shifts with B to that predicted by theoretical calculations 
and to attempt a theoretical fit to the shape of the spectra.
Figure 6.8 presents the data shown in figure 6.5b as a linear-ln plot, and illustrates 
that the band-edge is broadened exponentially. The gradient of the linear region at the 
band-edge is a measure of the extent of the broadening, such that (measured slope)“^ =h/T. 
Within experimental error, this slope is found to be independent of magnetic field and 
has a value of 0.108 meV'^ ± 2%, which corresponds to a value of T=0.07 ps. This value 
of T is in close agreement with other published work [ASA84, YAM79].
Figure 6.9a shows the theoretical facet emission spectra, normalised to B=14T, 
as a function of magnetic field, calculated for a constant caiiier density using the values 
T=0.07 ps, g*=3 (which is the theoretical value given by equation 3.5 and also the
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Figure 6.9 This figure compares the shapes of the theoretical spontaneous emission 
spectra as a function of magnetic field (fig. 6.9a) to that of the measured 
amplified spontaneous emission spectra (fig. 6.9b). In each case the spectra have 
been normalised to the 14 Tesla spectrum peak to aid comparison.
experimental value measured by Nicholas et al. [NIC83]), m /=0.044 and m /=0.37 and 
figure 6.9b is a repeat of the experimental data shown in figure 6.5b, also normalised to 
B=14 T to aid comparison.
If each curve were normalised at their peak, excellent agreement between the 
experimental and theoretical shapes of the emission spectra using the above parameters 
can be obtained, as illustrated for the 14T spectrum in figure 6.10; this agreement is 
excellent considering the simplicity of the model used. However, it is also surprising 
since the experimental spectra are measured from the facet, whereas the theoretical 
spectra are pure spontaneous emission spectra.
Note that the value of n used (0.1x10*® cm*®) to generate these curves is not 
considered to be the true value of n, owing to the errors inherent to the conventional 
model used (as outlined in chapter 4) and the simplicity of the band structure used, 
hence, the theoretical curves are only intended to show trends, not to measure n.
These fits were obtained using the symmetrical Lorentzian broadening function, 
however we can see that the band edge is actually broadened exponentially, as predicted 
by theoretical calculations of Asada [ASA93], hence the poor fit at very low energies. 
Figure 6.11 is a reproduction of the shape of the line broadening function calculated by 
Asada, the Lorentzian function is also shown for comparison. This function is far from 
symmetric, with the low energy side of the function decreasing more rapidly than the 
high energy side. This function would effectively result in a greater broadening effect 
on the density of states function at higher energies than at the band-edge energy, due to 
the fact that emission near the band-edge energy is predominantly a result of the low 
energy (narrow) tail of higher transitions, but emission at higher energies comes from 
both the low energy (narrow) tail of higher transitions plus the high energy (broad) tail
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comparison.
of lower transitions. If this is the case, this may explain why the features seen at higher 
energies in the theoretical spectra (figure 4.10a), generated using the Lorentzian function 
with the value of T measured from the low energy tail of the spontaneous emission
ft
spectrum, are not seen in the experimental data. Hence it would appear that at the higher 
energies these features in the DoS function are broadened such that they return to the 3D 
parabolic DoS function. Thus it is believed that the application of a strong magnetic 
field has a large effect on the DoS near the band-edge, but at higher energies the effect 
is suppressed due to increased broadening. The resulting shape of the DoS function is 
illustrated in the schematic diagram below.
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Figure 6.12 Schematic diagram to illustrate the effect of a strong magnetic field on the 
"real" DoS distribution.
Comparing the rate of shift of the amplified spontaneous peak position (dE^/dB ) 
of the experimental data to that of the theoretical data, we find that, at large magnetic 
fields (B > 6T), from the theoretical spectra dE,p/dB=l,42 meV/Tesla (from figure 6.9a)
104
and for the experimental data dE,p/dB=1.35 meV/Tesla (from figure 6.9b); which 
considering the simple model used is considered to be in excellent agreement.
In conclusion, the variation of the amplified spontaneous emission spectra with 
B at 183K is in good agreement with that expected as a result of a magnetic field 
induced modification of the DoS function as described in chapter 3. Using the estimated 
value of T=0.07ps and the conduction band effective mass nic*=0.044, the condition for 
the formation of conduction band Landau levels, (Og1>l (eBT/mc*>l), is expected to be 
satisfied for B > 4 Tesla. It is therefore believed that the magnetic fields used, do indeed 
produce Landau levels in the InGaAsP lasers studied, and as a result induce a density of 
states distribution, near the band edge, similar to that for a quantum wire laser.
6.6 Lasing Spectra
Figures 6.13a and 6.13b show examples of the measured shift of the lasing modes 
and side modes as a function of magnetic field. Figure 6.14 compares the shift in lasing 
energy with magnetic field for several temperatures, with each data set normalised to the 
lasing energy measured with B=0. The shift in the lasing energy with magnetic field is 
expected to shift at approximately the same rate as the pealc gain energy (although the 
lasing energy will be equal to the longitudinal mode closest to the peak gain energy)., 
and the peak gain energy is dependent on both the conduction band quasi Fermi level 
Efc(B) and effective band-gap E*g(B).
The variation in E*. with B may be estimated from the shift in the spontaneous 
emission spectra, however Ef .^(B) for lasing is more difficult to estimate, since E^(B) is 
dependent on nth(B) and DoS(B). however, n,^(B) has been shown theoretically to depend 
on temperature and the magnitude of the gain needed to reach threshold (see figure 4.9).
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Due to its large effective mass, the heavy-hole valence band DoS is very broad, 
and hence any small change in the carrier density has little effect on the valence band 
quasi Fermi level. Hence the following discussion only considers the effect of B on the 
conduction band quasi Fermi energy. Note that the carrier densities required to reach 
threshold are generally such that the conduction band quasi Fermi level is well into the 
conduction band.
At high temperatures, it is seen that an increase in magnetic field causes (and 
thus Ujij) to decrease and the density of states at the conduction band-edge to increase, 
both of which result in a shift of the conduction band quasi Fermi level to lower 
energies, ie closer to the conduction band edge. (At higher fields n^ ,, may increase again, 
which will affect the movement of F J. However, at the same time the conduction band- 
edge shifts to higher energies as B increases. Hence the direction of the shift of the 
lasing energy depends on which phenomenon is dominant. Figure 6.14 suggests that at 
240K the shift of the Fermi energy to lower energies dominates for B < lOT, which is 
thought to be due to the fact that 1^ , (n,J decreases sharply with B at this temperature. 
However <C 8OK, (n„,) is seen to remain approximately constant upto 6T and then
Se.e-
increase for larger fields, hence an initial shift to lower energies is not observed. Fy, 6.1.
The theoretical calculations of the shift of the peak gain position with B indicate 
that at large magnetic fields (B > 8T) the measured gradient dEgM^ /^dB is relatively 
insensitive to temperature and magnitude of peak gain, however it is found to decrease 
as T decreases and/or the g-factor increases.
Figure 6.15 shows theoretical calculations of the gain spectra using the same 
values of T (0.07ps) and g* (3) that produced good fits to the spontaneous emission 
curves. For these spectra the peak gain is found to shift at a rate of 1.2meV/Tesla at
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Figure 6.15 Calculated gain spectra as a function of magnetic field, calculated such 
that is independent of magnetic field. At large fields, G^ax shifts to 
higher energies at a rate of 1.2 meV/Tesla.
large fields. This is slightly larger than that measured in figure 6.14 (0.8-1.0 meV/Tesla), 
but thought to be in good agreement considering the simplicity of the model used. We 
can only speculate that the small difference may be due to one or a combination of the 
following:
(i) At threshold carrier densities T may be less O.OVps.
(ii) The model includes the small shift of the valence band (0.2meV/Tesla) which, owing 
to the large effective mass, may not exist.
(iii) Any discrepancies due to non-parabolic bands may be more noticeable at higher 
carrier densities.
(iv) The g* may be enhanced, due to unequal population of the spin-split levels [NIC83].
6.7 Summary
The temperature dependence of the threshold current is seen to decrease in the 
presence of a strong magnetic field, which is due to an induced increase in I(,, at low 
temperature and a decrease at high temperature. This threshold current behaviour can be 
explained by a change in the conduction band density of states function, induced by the 
strong magnetic field, which has the effect of increasing both the transparency carrier 
density and the differential gain. In particular, the observed increase in with 
increasing B at low temperatures is explained.
The quantum differential efficiency is seen to be independent of magnetic field, 
suggesting the threshold current behaviour at higher temperatures cannot be a result of 
a reduction in internal loss mechanisms such as carrier leakage.
The fact that the position of the spontaneous emission peak, the band-edge energy 
and the lasing energy all increase linearly with increasing magnetic field at a rate that is
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in close agreement with theoretical calculations assuming a 2D DoS function, provides 
evidence that the effect of the field is to alter the DoS near the band-edge from that of
a bulk DoS function to that similar to a quantum wire DoS function.
These results suggest that high quality fabricated InGaAsP quantum wire lasers
for an increase in B from 0 to 14 T
should have improved T„ values. In this experiment T„ was increased by 309^ which
was a result of changing only the conduction band DoS. It would be interesting to
extend this work to strained layer lasers, in which the hole mass should be sufficiently
small for the valence band density of states to be modified by the magnetic field. If the
field was applied // to the current flow direction, this would indicate what laser
characteristic improvements may be achieved with a strained quantum dot laser.
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Ch a pter  7
Device Details and Data Acquisition
7.1 Introduction
This chapter describes the devices and the experimental arrangement used to 
measure amplified spontaneous (facet) and unamplified spontaneous (window) emission 
versus current, as a function of temperature. This data is then used to investigate the 
"I/L" analysis in the following chapter.
7.2 Device Details
Two buried heterostructure MQW devices, supplied by BT Laboratories, have 
been used to investigate the ’I/L’ analysis, one of which is unstrained and the other is 
compressively strained with tensiley strained barriers; the exact structures are detailed 
below:
(i)
Substrate - n-InP (doped with Sulphur)
n-InGaAsP (A^= 1.3pm) 100Â
15 InGaAsP (A^= 1.3pm) barriers 80Â
16 lOo ggGaQ ^ ;,As wells 80Â
p-InGaAsP (A^=1.3pm) 100Â
p-InP (doped with Zinc)
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Active region width = 1.2pm Length=1000pm Width=200pm
Room Temp. 1^= 35.4 mA T^=63K (temperature range 20 - 80° C)
(ii) laser chip. 259S7. from wafer AT1535 (1% Compressively strained)
Substrate - n-InP (doped with sulphur)
n-InGaAsP (Xj,=1.3pm) 100Â
-0.25% 15 InGaAsP (A^=1.3pm) barriers 100Â
4-1.00% 16 Ino^^GaggAs wells 30Â
p-InGaAsP (X^=1.3pra) 100Â
p-InP (doped with Zinc)
Active region width = 1.2pm Length=1000pm Width=200pm
Room Temp. Ij^= 17.8 mA Tq=62K (temperature range 20 - 80^  ^ C)
These devices were bonded p-side down to a diamond header and a window was 
etched into the n-InP contact. This window was achieved by protecting the facets and 
a large proportion on the n-InP contact with molten black wax. Once this had hardened 
the device went through a two step etch process to remove the metal contact, the black 
wax was then removed using acetone. The resulting area of the window was 
approximately 350pm x 120pm.
The window was chosen to be etched into the n-InP contact, as the thickness of 
the substrate is several pm, which is sufficient distance to allow uniform current 
spreading beneath the window. It is shown later, that the carrier density is seen to pin 
at threshold, which shows that the total area under the window is pumped; if it were not, 
one would expect to see the measured light to continue to increase for I > I^ ,^  due to the 
carrier concentration increasing as result of further current spreading beneath the window.
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7.3 Experimental Data Acquisition
7.3.1 Threshold current
The Tq values for these devices were measured by myself at BTL, using a similar 
setup to the one described in section 5.3.1b, with a pulse width of 500ps and a repetition 
rate of IKHz. The L-I data were taken directly from a sampling oscilloscope, rather than 
using a boxcar. Figure 7.2 presents the measured I,j, as a function of temperature.
7.3.2 Emission Spectra
Both facet and window emission spectra were measured as a function of injection 
current and temperature for each device. The lasers were operated pulsed, with the pulse 
w idth=lps and a repetition rate of 1 KHz; the magnitude of the pulse was measued from 
a Tektronix oscilloscope, which has a resolution of 0.01mA. The header upon which the 
laser was bonded was attached to copper reel, around which was wrapped contra wire, 
which when conducting current induced heating of the copper reel; the set up is 
illustrated below.
Voltmeter
Thermocouple
Laser' opCold Junction 
in ice Diamond Heatsink
To ' 
Voltage 
Supply
Header
Copper Reel
Figure 7 .1 Equipment used to vary and monitor the temperature of the laser.
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Figure 7.2= Measured temperature variation of the threshold current for both the 
strained (chip 25957) and unstrained (chip 22805) laser.
A chromel-alumel thermocouple was attached beside the header to monitor the 
temperature of the copper reel. The temperature was controlled manually by varying the 
voltage across the contra wire to ensure the temperature measured by the thermocouple 
remained within ±0.5K of the required temperature. Spectra were measured at 294K and 
333K using a Im  spectrometer, installed with a 600 lines/mm grating, with the entrance 
and exit slits set at 1000pm. The experimental arrangement was the same as that 
described in section 5.3.2, the only difference being that in this case a PC was used to 
control the spectrometer and collect the data, rather than a BBC microcomputer.
When measuring window emission, the laser was orientated such that the surface 
of the top contact was parallel to the entrance slits and any spontaneous emission 
collected by the first lens was detected. Figure 7.3a presents a typical range of spectra 
measured from the window of the strained laser for various drive currents. Note that 
above threshold the spontaneous emission is seen to saturate, however some of the lasing 
stimulated emission is also detected and is seen to increase with increasing current; it is 
believed that this detection is due to scattered stimulated photons from within the laser 
cavity. Figure 7.3b shows the corresponding range of facet spectra for the same drive 
currents. In these spectra, the effects of gain are clearly seen at relatively small currents
I J .
The lasing spikes in figure 7.3a were deleted using a graphing package and thus 
the total spontaneous light detected for each current injected can be determined by 
integrating the measured spectra over all wavelengths, the resulting L-I curves are shown 
in figure 7.4. Figure 7.4 show the measured window and facet L-I curves for the strained 
and unstrained laser, where each data point corresponds to a measured emission spectrum.
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Figure 7.4 MeasuredL-I data for (a) Window emission from the strained laser (b) 
Window emission from the unstrained laser (c) Facet emission from the 
strained laser and (d) Facet emission from the unstrained laser.
C h a p t e r  8
Critical Review of the '1/L” Analysis
8.1 Introduction
A simple analysis was first introduced by Poguntke and Adams [POG92a, 
POG92b], (herein referred to as the "I/L" analysis), which was intended to measure the 
temperature and pressure dependence of the spontaneous emission efficiency of 
semiconductor lasers. The analysis directly yields the ratio where C and B are
the Auger and radiative recombination coefficients respectively. This analysis was then 
applied to experimental data obtained from comparable strained and unstrained MQW 
lasers [ADA92], in an attempt to compare their Auger activation energies.
This chapter investigates this analysis and shows the above measurements to be 
invalid due to the experimental arrangement used. However, having corrected the 
experimental arrangement, the analysis is still found to be over simplified due to the 
assumptions incorporated; the validity of these assumptions are discussed in relation to 
their effect on the analysis. Although there remains some uncertainty in the absolute 
value of the activation energy (AE) obtained from the analysis, the analysis does provide 
some insight into the temperature dependence of gain and loss mechanisms of long 
wavelength semiconductor lasers. The latter part of this chapter presents an alternative 
analysis, which also provides further insight into the temperature dependence of the non- 
radiative current.
8.2 Summaiy of Original "I/L" Analysis
This analysis is applicable to Light-Current data measured below threshold, for 
which it is assumed that charge neutrality exists within the active region (i.e the number 
of electrons (n) is equal to the number of holes (p)), and the injected cairiers may 
recombine radiatively producing spontaneous emission (oc Bn^) or may recombine non- 
radiatively via either of two processes:
(i) Non-radiative recombination via deep levels in the bulk of the active region, and at 
its interfaces and surfaces [AGR86, HEN83]; this process is proportional to An, where 
A is the inverse of the effective non-radiative lifetime.
(ii) Through band to band Auger recombination, the rate of which is assumed to be 
proportional to Cn^ [AGR86].
Thus we have the total current, I = eV(An + Bn^ + Cn^). (8.1)
The light emitted from the facet (L) below threshold is presumed to be predominantly 
spontaneous emission and hence assumed to be equal to B V n\ where B is assumed to 
be independent of n. Taking account of the fact that some of the light is reabsorbed in 
the device and not all of the light emitted from the facet is detected, a collection factor, 
R, is introduced.
Thus = RBVn". (8.2)
where -  RL. Dividing equation 8.1 by equation 8.2 and substituting for n using 
equation 8.2 we obtain the expression
t - i *  I 4 r ) '  4 -
As L increases the term proportional to decreases, thus assuming this term 
is negligible at higher light levels, the above equation can be compared with that of a
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straight line y = c + mx. Thus plotting the L-I data as I/L versus (herein referred to 
as the ’I/L’ plot) should produce a straight line at higher light levels, the intercept of 
which should be equal to e/R and the gradient equal to (e^/RW)'^^ Note that the
ratio I/Lext is equivalent to l/Tj^ t^ and is proportional to n. If R is measured hom  
the intercept and V is calculated from the device stiucture, it should then be possible to
determine Hence if this analysis is repeated for several temperatures, the
temperature dependence of the term can be determined.
If the temperature dependence of B is known then the temperature dependence of 
C can also be determined. The following analysis was used to estimate the activation 
energy of the band to band Auger process. The temperature dependence of the Auger 
coefficient can be expressed as [AGR86]
C= C„exp(-AE/kT) (8.4)
where C„ is a constant. To a first approximation the temperature dependence of B can 
be expressed as [HAU87]
B=dBi/T (8.5)
where d is the quantum well width and B  ^ is a constant of proportionality. Dividing 
equation 8.4 by equation 8.5 provides an expression for the temperature dependence of 
C/B^^ ,^ such that
C /B ^  = {C,T^/(dB i)^} exp(-AE/kT) (8.6)
and ln(C/(TB)"/") = Constant - AE/kT ' (8.7)
Thus plotting ln{C/(BT)^'^} versus 1/kT should reveal a straight line, the gradient of 
which is equal to the activation energy AE.
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8.3 Examination of the Approximations Incoiporated into the Analysis and tlieir
Effect on the Results
This section examines the approximations incorporated into the I/L analysis and 
discusses the consequences of any assumptions being incorrect.
8.3.1 Stimulated Cmrent Contribution to the Tlneshold Current
The contribution to the current from the carriers used in producing stimulated 
photons (stimulated current) is generally considered to be insignificant compared to the 
contributions from spontaneous radiative recombination and non-radiative recombination 
currents [AGR86]. However, it has recently been suggested, that at threshold 
approximately 50% of 1,^  is due to the use of carriers in producing stimulated photons , 
and the temperature dependence of this process contributes to the temperature dependence 
of I,^  [CHU93]. If this is the case then the I/L analysis would break down, as the 
stimulated current contribution is not taken into account. However the following 
discussion demonstrates that in the samples studied here, and probably in most cases , 
the stimulated current is relatively insignificant and therefore justifiably ignored.
If we assume that the cai'rier density pins at threshold, ie for all I >1,,^, n=n(,„ and 
hence any additional current injected above I„^  is totally stimulated current [AGR86], ie 
generates stimulated photons only, then the differential efficiency measured from the L-I 
curve is Ti.xi=kiL3,i„/I„i„, (see figure 8.1); where the fraction k^  accounts for the fact that 
not all of the generated stimulated photons are detected, ie L,„ens=kiLstim- The fraction kj 
is determined by : the number of photons which are lost due to non-radiative losses 
within the cavity, the magnitude of the facet mirror reflectivity and the fraction of the 
photons emitted which are collected by the detector . In addition, since the detector used
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was not calibrated, kj also accounts for the conversion factor from mV to the energy of 
the light and thus the number of photons.
Figure 8.1
tot
stim
kiL . .sum
tot
Figure 8.1 shows that for a further injected current I„, , the extra measured light 
output equals However, at threshold, where n and are the same as above
tlireshold, for an injected current only a magnitude of kjLth is detected. Assuming this 
magnitude to be due to stimulated photons only (ie neglecting the fraction of photons 
generated by spontaneous emission), generated from the stimulated current contribution 
to the total threshold current, then the ratio of the stimulated current at threshold to the 
total current at threshold (Isii„,/I,h) is approximately equal to kiLu,/kiL,ti„, . The fact that 
kjLtjj is actually the sum of the stimulated and spontaneous photons, implies that the 
Ij-tim/Iu, ratio is slightly over-estimated.
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This conclusion can also be demonstrated analytically. If we assume that at 
threshold the current consists of the terms in equation 8.1, I ,^ plus an additional term, 
which represents the magnitude of current used to generate stimulated photons, then 
the total threshold current can be represented by
Itli = I i + Istiin (8.8)
In addition, the generated light at threshold consists of photons generated by both 
spontaneous (L J and stimulated emission thus
Lth— (8. 9)
and the detected light L^^^pkiL.
Then the measured efficiency at threshold, % , is equal to kiL^/I^,,, and above threshold 
the measured differential efficiency which is a constant for I >  I„,. Hence
substituting for %  can be rearranged, such that
^  + TiJ (8-10)
th ' stim stim ' th  ^ stim '
Thus ^  -----
This ratio is maximised when the spontaneous light contribution L,=0 
Hence
(8 .11)
•< ( 8 . 12) 
hh ’Irf
When the magnitude of equals the magnitude of 1^,, the ratio IganAh threshold is 
less than the ratio L^ ,^ /Ls,in,. For device 25957, for example, 1^ ;^^ , is measured to be, at 
maximum, only 2% of the total current at threshold.
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In the next section it is demonstrated that the temperature dependence of the 
stimulated current does not contribute much to the measured value, this again indicates 
the stimulated current is very small compared with the non-radiative current, which also 
varies with temperature.
8.3.2 Stimulated Light Contribution to the Total Light Output.
The generated spontaneous photons emitted along the direction of the laser cavity 
will generally experience either gain or absorption and thus the spectrvmmeasured from 
the facet, even well below threshold, is not the true spontaneous emission spectrum,To 
take account of this, the total light emitted from the facet can be determined from the rate 
equations and approximated to [AGR86]
L = P„Bn" / [ a  - aT(ii-n„)] (8.13)
where a is the differential gain, F  the confinement factor, Ot the internal losses and P„ the
fraction of spontaneous emission in the lasing mode. Replacing equation 8.2 with 
equation 8.13, equation 8.3 becomes
= f g  + ^  (8.14)
R \  B R  I \jt3yl gl l2
where G = [ a  - aT(n-n,)]/P,. Notice that the gradient of an I/L plot is now proportional
to CG“ /B“ , where G is strongly n dependent, hence we would expect the gradient to
decrease with increasing n, and we would also expect the ’intercept’ to vary with n.
Figure 8.2 illustrates this effect and was generated computationally using equations 8.1
and 8.13, using typical characteristic values for the various parameters. The paiameters
used are summaiised in table 8.1. (Note that this analysis assumes that the
collection factor for the stimulated emission is equal to the collection factor of the 
spontaneous emission).
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1/2simulated I/L vs L
with and without gain
604-06
404-06
cCD’o
CD
a = 0
204-06
_ j
004-00 20 30
1/2L
Figure 8.2 Simulated I/L plot using the parameters listed in table 8.1. The dashed 
line includes the effects of gain (a=2.5e-16 cnf) and the solid line has 
been generated by setting a=0 i.e. no gain effects.
A B C a ft r Ho a
le7 le-10 I.5e-28 60 le-4 0.03 le l8 2.5e-16
s ' cm^/s cmVs cm'' cm'^ cm^
Table 8.1 List of parameters used to generate the data in figure 8.2.
Note that, as expected, with no gain or absorption (a=0) one observes a linear 
region which extends to infinity with increasing light levels. This is comparable to the 
case of measuring truly spontaneous emission as defined in the original analysis. 
However, the introduction of the gain term alters the shape of the curve quite 
considerably. The gradient of the ’straight line’ region decreases as n increases and the 
efficiency (Lg,^ i/I) reaches a minimum and then starts to increase again as the stimulated 
light becomes dominant.
This effect is also observed experimentally. Compare the shapes of the I/L plots 
measured from facet emission to that measured from light emitted through a window 
etched into the substrate of the same device; figures 8.3 a and b show experimental 
window and facet I/L plots for a strained MQW laser respectively, (generated from 
figures 7.3a and 7.3c), and figures 8.4 a and b show window and facet I/L plots for a 
comparable unstrained MQW laser, (generated from figures 7.3b and 7.3d). The device 
details are given in chapter 7.
To apply the original analysis to each of these plots a line is drawn through the 
data points which appear to lie in a straight line (herein referred to as the ’straight line’ 
region). In the case of the window data this line includes most data points, except for 
those above threshold, where the spontaneous light output saturates, and also those data 
points at low light levels which are affected by the L'"'^ term. In the strained case the 
gradient increases by a factor 1.73 with an increase in temperature from 294K to 333K. 
(We assume R and V to be independent of temperature, hence any change in the gradient 
is due to a change in C/B^^ )^. Assuming the temperature dependence of B to be oc 1/T 
[HAU87], this change in gradient translates into an Auger activation energy of 80 meV. 
In the unstrained laser, over the same temperature range, the gradient increases by a
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I/L plots for the strained laser
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Figure 8.3 A plot of I/L versus at two temperatures, measured from light emitted 
from (a) a window in the top contact and (b) the facet of the strained 
MQW laser.
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Figure 8.4 A plot of I/L versus at two temperatures, measured from light emitted 
from (a) a window in the top contact and (b) the facet of the unstrained 
MQW laser.
factor 1.78, which implies AE equals 87 meV.
However, the changes in gradient of the straight line region of the facet data is 
much greater than that measured for the window data. In the strained case the gradient 
increases by a factor 2.03 (=> AE=115meV) and in the unstrained case the gradient 
increases by a factor 2.99 (=> AE=196meV). Hence it would appear that applying the 
analysis to the facet emission will tend to overestimate AE. It is for this reason, the work 
referred to in section 8.1 [POG92a, POG92b, ADA92] is regarded as invalid, as this work 
involved facet emission measurements, rather than pure spontaneous emission.
The facet measurements shown in figures 8.3b and 8.4b were carried out on 
exactly the same devices as those containing the windows, thus the only difference 
between the facet and window L-I curves is due to the (non) detection of the stimulated 
(absorbed) photons which are (not) emitted from the facet. That is, any difference is due 
to the gain/absorption of photons within the laser cavity. Hence the difference in the 
measured facet and window activation energies is due to the temperature dependence of 
the gain.
The fact that the difference between the measured facet and window AE is much 
larger in the unstrained case suggests that the gain is more temperature dependent for this 
device and thus if the temperature dependence of the stimulated photon intensity plays 
an important role in determining the value of T„, then a smaller T^ value would be 
expected be for the unstiained laser. However this is not the case, both devices have 
approximately the same T^ value; for the unstrained device T^=63K and the strained 
device has a T^ value of 62K. In conclusion, the temperature dependence of the 
stimulated photons is not reflected in the measured T^ values; which one might expect 
if the stimulated current only accounts for -2%  of the total current. z'''
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8.3.3 Inclusion of the Low Light Data
As you can see from figures 8.4a, even with pure spontaneous emission the 
’straight line’ region can actually be slightly curved. At low light levels this is due to 
the L term and at higher light levels it is believed to be due to the n dependence of B 
(see next section). Thus when using the original analysis it becomes difficult to judge 
which data points one should draw the ’straight line’ through, thus introducing 
uncertainty errors. This section proposes an alternative method for analysing the data 
which includes the term i.e. the low light data.
Equation 8.3 can be represented by I/L = OL’'^  ^ + (3 + yL''^ , thus if the data is 
plotted as I/L along the y-axis and along the x-axis, then one can fit the polynomial 
y=(X'x + p  + yx to determine the coefficients OC, P, y (method 1). Similarly, one could 
plot V and fit to the equation of a quadratic (method 2) or plot v L'*^  ^and 
fit to the polynomial y=Ox^ + px + y (method 3). In each of the methods a different 
relative emphasis is placed on the three coefficients, thus using all three methods acts to 
cross check their variation with temperature. Note that y  = (e^V 'R ’^ )'^  ^C/B '^'  ^ ie. equal 
to the gradient of the ’straight line’ region.
To test this new analysis we turn to theoretical calculations, which use a more 
computationally complex and more accurate method of simulating facet and window 
emission spectra which takes account of the cavity effects and B(n,T) (as opposed to the 
simple analysis used to generate figure 8.2). The model used, calculates the spontaneous 
emission and gain spectra using the conventional method as outlined in chapter 4, with 
the exception that the material band structure (including sub-bands) is calculated rather 
than assuming it to be parabolic (This software was written by M. Silver [SIL94]). The 
calculated spontaneous and gain spectra for a particular carrier density can then be used
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to predict amplified spontaneous emission spectrum emitted from the facet for a device 
of length d, with the same carrier density, using the expression [HEN85]
where R is the facet reflectivity. To produce an L-I curve we need to integrate /  Lf^ ç^ t 
(h(9) .d(h(D) and convert the carrier density into current,.To do this typical values of A and 
C are substituted into the equation
I  = wl{eAAn  + J  + edCn^) (8.16)
where w and H are the width and length of the active region respectively, d is the 
quantum well width and R,p„„=B(n)n^.
This process can be repeated as a function of carrier density, temperature and 
value of the Auger coefficient. Figure 8.5a represents the data one would expect from 
light measured out of a window ie true spontaneous emission (calculated using (=lpm  
and assuming all light is TE polarised). Figure 8.5b represents the data one would expect 
from light emitted from the facet of a 1000pm device of the same stnrcture (assuming 
both TE and TM polarisations are detected). Again we observe the same difference in 
the shapes of the curves. Note that the ’straight line’ region in figure 8.5a is curved due 
to the inclusion of the carrier dependence of B, as discussed in section 8.3.4. Figure 8.6 
shows the quality of the fits that can be achieved using the cx|3y fitting analysis on the 
theoretical L-I data and the corresponding table 8.2 shows the calculated polynomial 
values of CX, P and y.
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Theoretical I/L plots for a strained laser
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Figure 8.5 Calculated plots of I/L versus L'^  ^at two temperatures, for a strained laser 
comparable to laser chip 25957. The data in figure 8.5a is calculated for 
a 1pm long device (i.e. minimal effects due to gain/absorption). The data 
in figure 8.5b is calculated for a 1000pm long device (i.e strong effects 
due to gain/absorption). In each plot, curves (i) and (ii) are calculated 
using the same Auger coefficient value, Cj. Curve (iii) is calculated using 
an Auger coefficient Cg, which represents an activation energy = 100 meV.
fits to theoretical 1|im L-I data
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Figure 8.6 Plot of I/L versus The data sets represented by symbols have been 
generated using equations 8.15 and 8.16 for a device length 1 = pm.
The solid lines show the fit to this data using the polynomial 
y = O/x + (3 -f yx, where y=I/L and x=L'^.
The dashed lines show the fits to the data using the polynomial 
y -  a  -L (3x + yx^, where y=VL^'^ and
The dotted lines show the fits to the data using the polynomial 
y = Ox  ^ -f Px -t- y, where y=inJ'^ and x=L-^^.
method 1 method 2 method 3
Ot, 0.0367 0.0852 0.0209
p. -0.0412 0.0727 -0.0235
Ti 0.0146 0.0183 0.0118
0.0318 0.0719 0.0191
P, -0.0395 0.0703 -0.0220
Yii 0.0200 0.0242 0.0168
Yi/Yi 1.37 1.33 1.42
0.0538 0.1299 0.0297
Pm -0.0770 -0.1354 0.0438
Yiii 0.0379 0.0458 0.0318
Yi/Yi 2.60 2.50 2.69
Conditions
Curve (i) 
T=300K
C=Ci
Curve (ii)
T=360K
C=C,
Table 8.2 Calculated values of CX,P and y from the 3 
fitting methods.
Curve (iii)
T=360K
C=C,
In the calculations R and V are independent of temperature hence any measured 
change in y is due to a change in C/B^^ .^ Comparing curve (i) to curve (ii) in figure 8.6, 
we see an average increase in y by a factor -1.37, which can only be accounted for by a 
change in B with temperature, since the value of C was kept constant. Assuming B ocl/T \ 
then X must equal 1.15 to explain the change in y. As a cross check, using B=dB/T^'^^ 
in the original analysis predicts AE=0 meV as expected. Comparing curve (i) to curve
(iii), we see an increase in y by a factor of -2.6, which is a result of a change in B and 
C with temperature. Using the above expression for B(T), this change in y predicts 
AE=99.5 meV, which is in excellent agreement with the value used to generate the value 
of C2 used in the theoretical calculation, ie 100.0 meV. This has demonstrated that it is 
possible to use this fitting analysis to estimate the temperature dependence of C if B(T)
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is known and equation 8.16 is a conect representation of the relationship between I and
n.
For completeness, the activation energies measured from the changes in the 
gradients measured from theoretically produced/hcgr ’I/L’ plots (figure 8.5b) have also 
been determined using the above expression for B(T). With no change in C the measured 
activation energy equals 87 meV, and with a change in C using AE=100 meV, the 
measured activation energy equals 190.5 meV. This again illustrates how the measured 
/ te  from the facet data can be largely overestimated.
Figures 8.7 a and b show the results of applying the Opy fitting analysis to the 
experimental data that was presented in the previous section. The results from the three 
methods are shown, however, since they are all the same, they are indistinguishable. 
Tables 8.3 and 8.4 list the corresponding fitting paiameters CX,P and y.
method—> 
laser4
original
analysis
curve
fitting
theory 2.82" 2.60"
25957 1.73 1.67
22805 1.78 1.73
method—> 
lasei4'
original
analysis
curve
fitting
theory 126 100
25957 80 71
22805 87 82
Table 8.5a Change in y with a 40K 
(*60K) increase in temperature.
Table 8.5b Measured activation energy 
in meV (assuming Bocl/T)
The above tables (8.5) compare the measured changes in y and /te , assuming Bocl/T, for 
both the original analysis (using a pencil and ruler) and the new improved oj3y curve 
fitting analysis. In the case of the theoretical data there appears to be a 30% difference 
in the measured AE, however the difference seen with the experimental data is only of 
the order of 10%. In general, the more curved the ’straight line’ region the more scope
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Fits to experimental L-I data
a) laser 25957
15.0 294K 333Ka 2.80 4.37
9 -5.25 -9,76
Y 9.43 15.70
X
333K
Z3
d
Table 8.3
10.0  - 294K-
5.0
Y increases by factor 1.67
 I__________!__________!_________ L____
0.6 0.8 1.0 
L''" (a.u.)
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2.50
2.00
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b) laser 22805
294K 333K
a 1.84 3.26
9 -0.77 -1.80
Y 0.38 0.66
3 3 ^ '
Table 8.4
/
294K
. X
Y increases by factor 1.73
1.0 2.0 3.0
L''" (a.u.)
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Figure 8.7 This figure shows the quality of the fits to the experimental L-I data.
The inset tables present the corresponding values of the fitting parameters.
for error.
This fitting analysis no longer neglects the term, however we are still left 
with the problem of the carrier dependence of B and possibly C. The fact that the value 
for (3 (=e/R) in tables 8.2 to 8.4 is often negative and may vary with temperature is 
shown in the next sections to be as a result of B(n,T).
8.3.4 Carder Density Dependence of the Radiative Coefficient
The radiative recombination coefficient, B, is known to be dependent on carrier 
density, and can be expressed, to a first approximation, as B=B„(l-a’n), where a’ is a 
constant [WAN93, AGR86]. Unfortunately this expression does not substitute into the
original analysis to give a simple I/L equation. However the effects of the carrier density
dependence on the analysis can be demonstrated analytically using modified forms of 
equations 8.1 and 8.2, such that
I = An + B„(l-a’n y  + Cn" (8.17)
and L = RB„(l-a’n)n^ (8.18)
Using typical values for all the coefficients in the above equations (see table 8.6) 
it is possible to generate and compare ’I/L’ plots with (a’?Kl) and without (a’=0) the n
dependence of B, as shown by the solid lines in figure 8.8. 
The dashed lines in this figure are the fitted curves obtained 
from using the (Xpy analysis described in the previous
section. As expected an exact fit is obtained for the case
a’=0, however as soon as a’ is introduced the solid lines 
become superlinear at higher light levels, thus the fits are not 
so good. Table 8.7 lists the fitting parameters for each case.
A Ie7 s'*
Bo 2.2e-12 cm7s
C 0.63e-29 cm7s
R 0.0166
a ; 2.64e-20 cm^
a?’ 5.28e-20 cm^
Table 8.6
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Figure 8.8 Simulated I/L plots using the paiameters listed in table 8.6 (solid lines).
The dashed curves show the calculated fits from the oPy analysis; the 
values of the fitting parameters are listed in table 8.7.
a’=0 a/=2.64e-20 cm^ a2’=5.28e-20 cm^
a 20.90e3 21.06e3 21.29e3
P 60.00 -10.84 -114.62
y 2.22 2.75 3.50
Table 8.7 Values of the calculated fitting parameters O, P and y  for the data shown 
in figure 8.8. Note that, as a ’ increases, P decreases.
Introducing a non zero value for ’a’ tends to increase the measured value of J  and 
to reduce p, so much so that it falsely shows P to be negative and to vary with 
temperature. Note however that P should equal e/R, ie theoretically it is impossible to 
be negative. Thus, the cause of the negative values of P obtained from fitting to 
experimental data are believed to be due to the decrease of B with increasing n. 
However, although there may be large errors in the values of P, the error associated with 
the measured change in y  with temperature is very small, as demonstrated by testing the 
fitting process in the previous section, where the analysis correctly predicted AE=100 
meV.
Equating B j( l-a ’n)=B : Using typical values of and a’, x(n) can be
estimated. Figure 8.9a shows the n dependence of B measured for both an unstrained 
and 1.2% compressively strained 1.5pm laser as measured by Wang et al. [WAN93]. 
This data can be fitted to the expression B„n^, where x decreases with increasing n, as 
shown in figure 8.9b. This illustrates the fact that at threshold, where the 2D carrier 
density (Ujd) is approximately 1-2x10^^ cm^, the radiative currentcan be expressed as
ISBn*n^, where xÿess than 0.
8.3.5 The Tempeiature Dependence of the Radiative Coefficient
The activation energy in the original analysis is calculated based on the 
assumption Boc 1/T‘ ®. However if, for example, we assume the temperature dependence 
of B to be of the form B=dB ^ /T\ then C/B^'^ % C/(dB^)'''T^'^^ exp(-AE/kT). Hence the 
gradient of a plot of ln[y} (where yooC/B '^^) versus 1/kT equals -AE - 3x/2*kT. Since 
the gradient is negative the measured activation energy is given by
AE = I gradient | - (3x/2)'^kT (8.19)
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Figure 8.9 (a) This figure shows the carrier dependence of the radiative coefficient,
B, measured by Wang et al [WAN93], for a strained and unstrained laser.
(b) Plot of X  versus carrier density, calculated by equating Bon’^ ^"^=Bo(l-an)
The larger the value of x the lower the measured Auger activation energy, if x=1.0 (as 
previously assumed) then the last term in equation 8.19 ~ 40meV at 300 K, however x has 
also been reported to be 1.5 [HAU85]. Thus even if one does measure pure spontaneous 
emission, producing reliable changes in y  with temperature, one cannot calculate the 
exact AE without knowing the exact temperature dependence of B.
The quoted measured activation energies for lasers 25957 and 22805, presented 
in table 8.5b, were calculated assuming Bocl/T^ ”. However assuming there is a possible 
50% uncertainty error in the value of x the measured AE may be in error by ± 20meV.
8.3.6 CaiTÎer Density Dependence of the Auger Coefficient
Until recently, it was generally believed that above 260 K the dominant form of 
Auger recombination in long wavelength lasers was considered to be that of band-to-band 
recombination. Using Boltzmann statistics and assuming parabolic bands, at low carrier 
densities the Auger current is calculated to be equal to Cn^ [AGR86]. However more 
recent work, by Fuchs et al [FUC93] and Lui et al [LUI93], has questioned this, 
proposing that band-to-band Auger may not be the dominant Auger mechanism, and if 
it is, it may not be equal to Cn^. The I/L analysis can be used to investigate the form 
of the Auger recombination current.
The ’I/L’ analysis can be taken one step further to determine, to a first 
approximation, the ratio z/y,^assuming over a limited carrier density range.
y  the Auger recombination current = eVCn^ (8.20)
9and the spontaneous radiative light, L = RVBn^ (8.21)
Theoretical calculations (using M. Silver’s software) of for device parameters 
equal to those of laser chip 25957 indicate that only accounts for approximately 10%
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of the total current. Thus if we assume the contributions to the total current from eVAn 
+ eVBn^ to be of small significance, we can then write the non-radiative current I oc Cn^. 
Dividing equation 8.20 by 8.21 and substituting for n using equation 8.20 results in the 
equation
M i )  "  ^ 1 + ^  (8 .2 2 )
Alternatively substituting for n using equation 8.21 results in the equation
ln(i) = ln(L) (8-23)
where K, and K are constants. Thus plotting ln(I/L) versus ln(L) (or ln(I)) should reveal 
a straight line the gradient of which is equal to (z-y)/y (or (z-y)/z), this is demonstrated 
in figure 8.10. The ratio z/y is found to be -7.5, this shows that the dominant loss 
mechanism (believed to be Auger) increases more rapidly with n, than the radiative 
mechanism. Assuming y to be of the order 2 at low carrier densities, then this suggests 
the Auger current to be close to the form Cn^ at low carrier densities, as originally 
expected.
However, owing to the n dependence of B, y is expected to decrease with 
increasing carrier concentration, as demonstrated in section 8.3.4. Since the ratio z/y is 
a constant over a large range of n, the value of z must also decrease with n at the same 
rate as y, suggesting the Auger rate is also of the form Cq(l-a’n) (i.e similar to 
B=Bo(l-a’n)). Theoretical calculations of Lui et al, using Fermi-Dirac statistics, also 
show C to decrease with increasing carrier density [LUI93].
As demonstrated in section 8.4 , B(n) tends to make the ’straight line’ superlinear 
and hence the predicted C(n) will tend to make the ’straight line’ sublineai", thus the
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Determination of the ratio z/y 
for laser 25957
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Figure 8.10 (a) Plot of ln(I/L) versus ln(L), the gradient of which is equal to (z-y)/y.
(b) Plot of ln(I/L) versus Ln(I), the gradient of which is equal to (z-y)/z. 
Where it is assumed that the Auger recombination current oc Cn^ 
and the spontaneous radiative light cC Bn^
resulting shape will depend on which of the two phenomena is the most dominant. 
However, the above analysis shows neither to be dominant, ie both B and C have similar 
n dependencies. It is for this reason ’the straight line’ region for the experimental data 
in figure 8.3a is actually very close to a straight line, even though B may be n dependent.
If the caiTier density dependence of both B and C are incorporated into the 
analysis using equations 8.20 and 8.21 then equation 8.3 becomes
L = /,1/y-i + i .  + (8.24)
I  5 1/3- R B^y
where IQ and Kj are constants. Since z/y «  1.5 for all n, the gradients measured from 
plots of I/L V are still expected to be proportional to C/B^^  ^ and thus the activation 
energies measured from the plots of ln(y) v 1/kT remain valid.
8.3.7 Other Non-Radiative Losses
The effects of leakage current have not been considered as it is often quoted to 
be comparatively small compared to Auger recombination current. Theoretical 
calculations of Dutta et al show the leakage current for 1.55 pm lasers over the 
temperature range considered to be ~ lA/cm^ for n~2xl0^^cm'^ [AGR86], whereas the 
measured threshold current density is generally two orders of magnitude greater. The 
temperature dependence of the photon loss mechanisms, such as IVBA, have not been 
considered as it is believed that this is insignificant in strained layer lasers, and if present 
it would have little effect on the temperature dependence of the spontaneous emission. 
However, for completeness, this should be investigated in any future work.
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8.4 Conclusions From the ’1/L’ Analysis
(i) The observed difference in the measured activation energies between the facet and 
window data indicates that the net gain is strongly temperature dependent, which will 
lead to n,h being strongly temperature dependent. However the temperature dependence 
of the stimulated photon density (and hence the stimulated current) is not reflected in the 
measured T„ value. Hence, it is believed that the magnitude of the stimulated current 
component at threshold is considerably less than the magnitude of the measured threshold 
current.
(ii) The Auger recombination rate is seen to decrease with increasing carrier 
concentration at the same rate as the radiative recombination rate. However the Auger 
current (Cq(l-a’n)n^) is approximately a power of n larger than the radiative current 
(B ,(l-a’n)n^).
(in) Providing the ratio z/y is independent of carrier density, the temperature
dependence of C/B^^  ^can be estimated using the I/L analysis. Assuming Bocl/T predicts 
Auger activation energies of approximately 70-80 meV for both the strained and 
unstrained laser, however since the exact temperature dependence of B is unknown, the 
error in these measured activation energies is estimated to be uptoi20 meV.
8.5 Alternative Analysis of the Window Light-Cmient Data
From the experimental data shown in figures 7.3a and 7.3b, the effective T^ value 
for the radiative current component, T^ *^ , can be estimated by measuring the change in 
the light saturation value with temperature (which is equal to the temperature dependence 
of the radiative current, Ir). In each case the magnitude of Ir increases by approximately 
10% for the temperature increase from 294K to 333K. The measured change translates
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into an equivalent T /  =265K for the strained laser and 277K in the unstrained laser; 
which is of the same order as the theoretical value for an ideal QW laser, i.e. «  300K 
- see Appendix B. Using these values and the T j  values measured from the facet L-I 
data (as shown in figure 7.1), the temperature dependence of the non-radiative current at 
threshold (I(,,^^),To^^, can be determined using the analysis outlined below:
Using It=Ir+Inr and l/T^ = 1/I.dI/dT we get
1 1
.NR
Substituting the ratio i -I^ r/Ir and rearranging we get
(8,25)
NR (8.26)
According to theoretical calculations, Ir only accounts for 10% of the current, hence r%9. 
The measured T^„ for the strained laser is 62 K and the measured 265 K, hence for 
the strained laser, is calculated to equal 57 K; (If r=4 then T^*^o=52 K). In the case 
of the unstrained laser, T j  = 63K and T \=  277K, thus T^\=58K ; (If r=4 then 
T^^,=53K).
If we assume that the non radiative current contribution at threshold is dominated 
by Auger recombination ie. I^ ^^  ^ «  C^.exp(AE/kT)n;|,^ and n^ hOCT^  ^  ^ , where 5=0 is the 
case for an ideal QW laser (see section 1.5), it is possible to investigate whether its 
temperature dependence originates from n i^^T) or C(T).
The temperature dependence of 1,],^  ^ ( T^ *^^ ) can be defined using the expression
= d[ln (IJ '')] / dT (8.25)
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and hence, for the strained laser
«  T / (34-304-AE/kT) = 57 K (8.27)
If however the Auger current is of the form C^exp(-AE/kT)n[h^ (as suggested by 
Lui et al [LUI93]) then this expression would become = T /  (24-25f AE/kT). For the
devices investigated, theoretical calculations (using M. Silver’s software) suggest SRzO.O, 
i.e. very close to the ideal case. The small values of ô  are due to the fact that the 
devices have 16 quantum wells and thus the gain required to reach tlireshold is relatively 
low, ~ 200 cm '. However, these calculations do not include the temperature dependant 
loss mechanism IVBA, which although considered to be negligible in unstrained lasers, 
may increase the value of ô  in the unstrained laser. The tables below illustrate various 
combinations of ô  and AE required to obtain the determined values of .
Using Cn^
8 Ae
0.0 58
0.5 19
0.75 0
Strained
laser
Using Cn'
8 Ae
0.0 84
0.5 58
1.0 32
Using Cn^
8 Ae
0.0 56
0.5 17
0.75 0
Unstrained
laser
Using Cn^
8 Ae
0.0 82
0.5 56
1.0 30
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8.6 Conclusion From Second Analysis
It has been shown that the temperature dependence of I,^  for the lasers investigated 
can be explained by the temperature dependence of the Auger current alone. It is a 
combination of C(T) and n(T) which causes its temperature dependence. To discriminate 
between the two requires a reliable source providing information on either AE or Ô. 
Unfortunately the activation energies measured by the I/L analysis are only accurate to 
within 20 meV. If however, we assume that over the temperature range 290 - 330K, 
8%0, as suggested by the theoretical calculations, and Auger is of the form Cn^, where 
2<z<3 at threshold, then the second analysis predicts AE%60-80 meV in both lasers, 
which is of similar magnitude to the value measured by the ’I/L’ analysis.
Since phonon assisted Auger is not expected to have an activation energy greater 
than 30 meV [ORE94], the measured Activation energies -70  meV suggest band-to-band 
Auger recombination remains a significant loss process in strained lasers and not 
eliminated as first predicted [ADA86, YAB86]. However, this result does not rule out 
the possibility of a combination of band-to-band and phonon assisted processes.
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Ch a pter  9
Summaiy
' t
7 .
M ' •^0  ^ ^  '
The work carried out in this thesis considered the effects of a strong magnetic 
field and also of compressive strain, (both of which affect the density of states 
distribution), on the magnitude and temperature dependence of the threshold current, 
in lasers operating around 1.5 pm. Appropriate conclusions have already been presented, 
following results desribed in earlier chapters. This chapter collates the major conclusions 
drawn from the work described in this thesis and proposes future work intended to 
demonstrate how further improvements in the T„ values of 1.5pm device structures can 
be realised in the future.
Compressive strain has been seen to reduce the magnitude of the Auger current 
and thus the magnitude of however Id, remains strongly temperature dependent in 
1.5pm lasers. At present there are conflicting proposals as to the cause of this 
temperature sensitivity. Several publications have dismissed the temperature dependence 
of Auger recombination as being the predominant cause of the measured low T^ , values. 
Instead, they propose that the temperature dependence of the gain is a significant factor 
in determining the measured T„. However the work presented in chapter 8 indicates that 
the temperature dependence of the gain, in the compressively strained QW laser
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investigated, does not directly contribute to the measured T„. More importantly, the 
measured (63 K) can be fully accounted for by the temperature dependence of the 
Auger curren t, assuming the Auger current density to vary approximately as C(T)n,h(T)\ 
where n ,^ is the threshold carrier concentration. The rate of Auger recombination, C, is 
found to have a temperature dependence defined by an activation energy AE -  70 meV, 
which is comparable to that determined for unstrained material. The magnitude of AE 
suggests band-to-band Auger recombination remains a significant loss process in the 
strained laser investigated.
Owing to the large number of quantum wells in the device studied, theory predicts 
both a very low threshold gain (i.e n ,^ is comparable to the transparency carrier 
concentration) and a temperature dependence of the n^  ^ close to the ideal case, ie n^ ,, oc 
T . As a result the temperature dependence of the differential gain above transparency 
is expected to be a relatively unimportant factor in determining the temperature sensitivity 
of I,„.
We believe therefore, that Auger current remains the dominant contributor to the 
current in unstrained and strained lasers and, as shown in chapter 8, that strain does not 
significantly reduce the temperature dependence of the rate of Auger recombination. We 
conclude that the only other alternative solution to the T„ problem is to reduce the 
temperature dependence of n ,^.
As discussed in Chapter 1, the temperature dependence of n,,, can be expressed 
as 0 (1, oc T ^ ^  where s is reduced as extra degrees of confinement are introduced to the 
active region, and the value of ô  increases in the presence of any temperature dependent 
non-ideal factors. It was therefore predicted that ideal quantum wire and quantum dot 
lasers should offer liigher T^ values than comparable QW lasers. However because ô
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may depend on the quality of the grown laser structures and quantum wire and dot 
fabrication technology has not reached an acceptable standard, the predicted benefits have 
not yet been achieved.
However, the results from chapter 4 and 6 demonstrate that quantum wire 
structures, simulated by the use of strong magnetic field do indeed result in higher 
measured T^ , values, indicating that once the fabrication technology has advanced, it will 
be possible to fabricate ''rear quantum wire and quantum dot lasers with improved 
values. This conclusion is drawn from the fact that the experimental results in chapter 
6 show the radiative and Auger recombination coefficients, and C respectively, to be 
independent of magnetic field. Thus the increase in T^ measured as a result of the 
application of 14 Tesla is due to a reduction in the temperature dependence of n,h, caused 
by the generation of the quantum wire-like density of states (DoS) distribution.
On application of 14 Tesla the measured T„ value is seen to increase by 33%, 
however this is still much smaller than the 300% increase in T^ predicted by Haug and 
Zah et al. for a change from an ideal bulk DoS to an ideal quantum-wire DoS, with 
m^=my [HAU87, ZAH94]. The fact that the observed increase is less than predicted is 
thought to be due to the fact that the real DoS distribution generated by the magnetic 
field, is a broadened quantum-wire like DoS distribution and the valence band effective 
mass is too large for the magnetic field to have much of an effect on it, i.e the change 
in the DoS distribution is not as drastic as that considered by Haug and Zah et al. and 
thus the observed change in T„ is not so dramatic.
The observed increase in T^ was a result of a measured increase in 1^ , at low 
temperatures (< 100 K) and a measured decrease in 1^ , at higher temperatures (> 100 K) 
as a strong magnetic field is applied. This behaviour has been reported previously, but
152
up until now, no physical explanation had been provided to account for it. Although the 
results from the theoretical model presented in chapter 4 contain some unphysical 
features, it has been shown that the model is sufficient to demonstrate the trends in the 
change in transparency carrier density and differential gain as a result of an applied 
magnetic field. This work has shown that the threshold current behaviour can be 
explained by two competing effects of an increase in the DoS at the band-edge, induced 
by the applied sti'ong magnetic field, namely :
(i) The transparency cairier density increases on application of a strong magnetic field, 
which would tend to increase
(ii) The differential gain increases on application of a strong magnetic field, which 
would tend to decrease I,,,.
Thus depending on the magnitude of the gain required to reach threshold (g^,), Q,, either 
increases or decreases as a result of an increase in the DoS at the band-edge.
Hence, the laser threshold current is not necessarily reduced by introducing further 
degrees of carrier confinement, unless the active volume is also reduced [YAR88a]. 
However, introducing further degrees of carrier confinement does reduce the temperature 
sensitivity of Q,,, regardless of g ,^ or the active region volume.
Thus, it is believed that the way to further increase the measured T,, values for 
long wavelength lasers, is to develop strained quantum wire/dot lasers. It would therefore 
be beneficial to initially investigate this by applying a stiong magnetic field to a strained 
QW laser, both perpendicular and ^parallel to the QW plane, in order to simulate a 
strained quantum dot and quantum wire laser respectively.
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APPENDIX A
set parameter B, T, n, g* and i
calculate the gain spectrui^g(hcû)
broaden the reduced density of states
calculate the reduced density of states
calculate conduction band density o f states
broaden conduction band density of states
broaden the valence band density o f states
calculate the valence band density of states
calculate the spontaneous emission spectrum
determine the position o f the valence band Fermi energy
determine the position o f the conduction band Fermi energy
This diagram summarises the algorithm of the BDoS method 
o f calculating the gain and spontaneous emission spectrum.
APPENDIX B
In the ideal case Jrad(T) = Bn^
where the temperature dependence of B and n are assumed to be
nocT '^s and B o c l /T
Hence ocT'+"^
The characteristic temperature dependence of is related to 1,^  ^ by the equation
1 ^  J _  ^rad ^  (1+25)
-^ rad
Thus T„ = T/(1+2Ô)
Hence the T^ value is maximised for 8=0. At room temperature T„J=s300K
15"o
R e f e r e n c e s
ADA80 Adams, A.R., Asada, M., Suematsu, Y., and Aral, S., "The temperature 
dependence of the efficiency and threshold cunent of InGaAsP lasers related 
to intervalence band absorption", Jpn. J. Appl. Phys., 19, L621 (1980).
ADA86 Adams, A.R., "Band stincture engineering for low threshold high efficiency 
semiconductor lasers". Electron. Lett., 22, p249 (1986).
ADA92 Adams, A.R., Braithwaite, J., and Wilkinson, V.A., "Spontaneous emission 
efficiency of compressively stiained l,5jim MQW lasers". Electron. Lett., 28, 
p717 (1992).
ADA93 Adams, A.R., Hawley, M.J., O ’Reilly, E.P., and Ring, W.S., "The success of 
strained layer lasers ellucidated by high pressure experiments", Jpn. J. Appl. 
Phys., 32, suppl. 32-1, p358 (1993).
AGR86 Agrawal, G.P., and Dutta, N.K., "Long Wavelength Semiconductor Lasers”, 
Van Nostrand Reinhold Company, New York (1986).
AHN89 Ahn, D., "Collision broadening of optical gain in semiconductor lasers", J. 
Appl. Phys, 65, p4517 (1989),
ALF88 Alferor, Zh. I., Vasil’ev, A.M., Ivanov, S.V., Kop’ev, P.S., Ledentsov, N.N., 
Lutsenko, M.E., M el’tser, B.Ya., and Ustinov, V.M., Sov. Tech, Phys. Lett., 
14, p782 (1988).
ARA82 Arakawa, Y., and Sakaki, H., "Mulidimensional quantum well laser and 
temperature dependence of its threshold current", Appl. Phys. Lett., 40, p939 
(1982).
156
ARA82c Arakawa, Y., and Sakaki, H., "Multidimensional quatum well laser and 
temperature dependence of its threshold current", Appl. Phys. Lett., 40, p939
(1982).
ARA83a Arakawa, Y., Sakaki, H., Nishioka, M., and Miura, N., "Two dimensional
quantum confinement of electrons in LED by strong magnetic fields", IEEE
Trans. Elec. Devices, ED-30, p330 (1983).
ARA83b Arakawa, Y., Sakaki, H., Nishioka, M., Okamoto, H., and Miura, N., 
"Spontaneous emission characteristics of QW lasers in strong magnetic fields - 
an approach to QW-box light sources", Jpn. J. Appl. Phys., 22, pL804 (1983).
ARA83c Arakawa, Y., Sakaki, H., Nishioka, M., and Miura, N., "Two dimensional
quantum mechanical confinement of electrons in DH lasers by strong
magnetic fields", IEEE J. Quantum Electron., QE-19, pl255 (1983).
ARA84a Arakawa, Y., and Nishioka, M., "Use of high magnetic fields to estimate 
earner leakage current in GalnAsP-InP double heterostructure lasers", Appl. 
Phys. Lett., 45, p7 (1984).
ARA84b Arakawa, Y., Vahala, K., and Yariv, A., "Quantum noise and dynamics in 
quantum well and quantum wire lasers" Appl. Phys. Lett., 45, p950 (1984).
ASA81 Asada, M., Adams, A.R., Stubkjaer, K.E., Suematsu, Y., Itaha, Y., and Aral, 
S., "The temperature dependence of the threshold current in GalnAsP/InP DH 
lasers", IEEE J. Quantum Electron., QE-17, p611 (1981).
ASA84 Asada, M., Kameyama, A., and Suematsu, Y., "Gain and intervalence band 
absorption in quantum well lasers", IEEE J. Quantum Electron., QE-20, p745
(1984).
157
ASA86 Asada, M., Miyamoto, Y., and Suematsu, Y., "Gain and the threshold of 
three-dimensional qantum box lasers", IEEE J. Quantum Electron., QE-22, 
pl915 (1986).
ASA89 Asada, M., "Intraband relaxation time in quantum well lasers", IEEE J. 
Quantum Electron., QE-25, p2019 (1989).
ASA93 Asada, M., "Intraband Relaxation Effect on Optical Spectra", Ch. 2 in 
"Quantum Well Lasers", ed. Zory, P.S., Academic Press (1993).
BEA59 Beattie, A.R., and Landsberg, P.T., " Auger effect in semiconductors", Proc. 
Roy. Soc., London Ser. A, 249, p l6  (1959).
BEL65 Beleznay, P., and Palaki, G., "On the theoiy of radiative recombination in 
high magnetic fields in semiconductors", Phys. Status Solidi, 8, p805 (1965).
BER61 Bernard, M.G.A., and Duraffourg, G., "Laser conditions in semiconductors", 
Phys. Status Solidi, 1, p699 (1961).
BER89 Berendschot, T.T.J.M., Reinen, H.A.J.M., and Bluyssen, H.J.A., "Wavelength 
and threshold current of a QW laser in a strong magnetic field", Appl. Phys. 
Lett., 54, pl827 (1989).
BLU79 Bluyssen, H.J.A., and van Ruyven, L.J., "Wavelength dependence of the 
emission of a double heterojunction GaAs/AlGaAs injection laser in a strong 
magnetic field", J. Appl. Phys., 50, p8198 (1979).
BLU81 Bluyssen, H.J.A., and van Ruyven, L.J., "Operation of a double heterojunction 
GaAs/AlGaAs injection laser with a p-type active layer in a strong magnetic 
field", IEEE J. Quantum Electron, QE-17, p2190 (1981).
158
BLU83 Bluyssen, and van Ruyven, L.J., "Stimulated emission from shallow
donors localized by a strong magnetic field", Physica, 117B and 118B, p371
(1983).
CAS78 Casey, H.C., and Panish, M.B., "Heterostructure Lasers", Parts A and B,
Academic Press, New York (1978).
CHU93 Chuang, S.L., O ’Gorman, J., and Levi, A.F.J., "Amplified spontaneous
emission and carrier pinning in laser diodes", IEEE J. Quantum Electron., QE- 
29, pl631 (1993).
COR93 Corzine, S.W., Yan, R., and Coldren, L.A., "Optical Gain in III-V Bulk and
Quantum Well Semiconductors", Ch. 2 in "Quantum Well Lasers", ed. Zory, 
P.S., Academic Press (1993).
DER88 Derry, P.L., Chen, T.R., Zhuang, Y.H., Paslaski, J., Mittelstein, M., Vahala,
K., and Yariv, A., "Spectral and dynamic characteristics of buried- 
heterostructure single quantum well (Al,Ga)As lasers", Appl. Phys. Lett., 53, 
p271 (1988).
DUT80 Dutta, N.K., Nelson, R.J., and Barnes, P.A., "Temperature dependence of
threshold and electrical characteristics of InGaAsP-InP DH lasers", Electron. 
Lett., 16, p653 (1980).
DUT81 Dutta, N.K., and Nelson, R.J., "Temperature dépendance of threshold of
InGaAsP/InP double heterostructure lasers and Auger recombination" Appl. 
Phys. Lett., 38, p407 (1981).
DUT82 Dutta, N.K, and Nelson, R.J., J. Appl. Phys., 53, p74 (1982).
ETT75 Ettenberg, M., "Very low-threshold double-heterojunction Al^Ga^.^ As
injection lasers" Appl. Phys. Lett., 27, p652 (1975).
159
ETT79 Ettenberg, M., Neiise, C.J., and Kressel, H., "The temperature dependence of
threshold current for double-heterojuction lasers", J. Appl. Phys., 50, p2949
(1979).
FUC92 Fuchs, G., Morer, J., Hangleiter, A., Hade, V., Scholz, F., Glew, R.W., and
Goldstein, L., "Intervalence band absorption in strained and unstrained InGaAs 
multiple quantum well structures", Appl. Phys. Lett., 60, p231 (1992).
FUC93 Fuchs, G., Schiedel, C., Hangleiter, A., Hade, V., and Scholz, F., "Auger
recombination in strained and unstrained InGaAs/InGaAsP multiple quantum 
well lasers", Appl. Phys. Lett., 62, p396 (1993).
GAL65 Galeener, F.L., Melngailis, I., Wright, G.B., and Rediker, R.H., "Magnetic
properties of InAs diode electroluminescence", J. Appl. Phys, 36, p i 574 
(1965).
GAV83 Gavilovic, P., Hess, K., Holonyak Jr., N., Burnham, R.D., Paoli, T.L., and
Streifer, W., "Quantum well laser operation at low temperature in strong 
magnetic fields". Solid State Comm., 48, p671 (1983).
HAU84 Haug, A., "Evidence of the importance of Auger recombination for InGaAsP
lasers". Electron. Lett. 20, p85 (1984).
HAU85 Haug, A., "Theory of the temperature dependence of the threshold cunent of
an InGaAsP laser", IEEE J. Quantum Electron., QE-21, p716 (1985).
HAU87 Haug, A., "Relations between the Tq values of bulk and quantum well GaAs",
Appl. Phys., B44, pl51 (1987).
HAU90 Haug, A., Semicond. Sci. Technol., 5, p55 (1990).
160
HEN80 Henry, C.H., Logan, R.A., and Merritt, F.R., "Measurement of gain and
absorption spectra in AlGaAs buried heterostructure lasers", J. Appl. Phys., 
51, p3042 (1980).
HEN83 Henry, C.H., Levine, B.F., Logan, R.A., and Bethea, C.G., "Minority carrier 
and luminescence efficiency of 1.3|0.m InGaAsP-InP double heterostructure 
lasers", IEEE J. Quantum Electron., QE-19, p905 (1983).
HEN85 Henning, I.D., Adams, M.J., and Collins, J.V., "Performance predictions from
a new optical amplifier model", IEEE J. Quantum Electron., QE-21, p609
(1985).
HOL62 Holonyak Jr., N., and Beracqua, S.F., Appl. Phys. Lett., 1, p82 (1962).
HOR79a Horikoshi, Y., and Furukawa, Y., "Temperature sensitive threshold current of
IiiGaAsP-InP double heterostructure lasers", Jpn. J. Appl. Phys., 18, p809
(1979).
HOR79b Horikoshi, Y., Saito, H., Kawashima, M., and Takanashi, Y., "Low-
temperature behaviour of the threshold current and carrier lifetime of 
InGaAsP-InP DH lasers", Jpn. J. Appl. Phys., 18, p i 657 (1979).
HSI80 Hsieh, H.C., and Lee, G.Y., "Magnetostatic field effect on threshold cuiTent
in a GaAs/AlyGaj.yAs double-heterostructure laser", J. Appl. Phys., 52, p4414
(1980).
JOI93 Joindot, I., and Beylat, J.L., "Intervalence band absorption coefficient
measurement in bulk layer, strained and unstrained multiquantum well 1.55|im 
semiconductor lasers". Electron. Lett., 29, p604 (1993).
JON93 Jones, G., and O ’Reilly, E.P., "Improved perfoimance of long-wavelength
strained bulk-like semiconductor lasers", IEEE J. Quantum Electron., QE-29, 
p l344  (1993).
161
KAP93 Kapon, E., "Quantum Wire Lasers", Ch. 10 in "Quantum Well Lasers", ed.
Zory, P.S., Academic Press (1993).
KES91 Kesler, M.P., and Harder, C., "Spontaneous emission an gain in GaAlAs
quantum well lasers", IEEE J. Quantum Electron., QE-27, pl812 (1991).
KRI91 Krijn, M. P. C., "Heteerojunction band offsets and effective masses in III-V
quaternary alloys", Semicond. Sci. Technol., 6, p27 (1991).
KUC90 Kucharska, A.I, and Robbins, D.J., "Lifetime broadening in GaAs-AlGaAs
quantum well lasers", IEEE J. Quantum Electron., QE-26, p443 (1990).
LAX58 Lax, B., Roth, L.M., and Zwerdling, S., Proc. IVth Int. Conf. on Phys. of
Semiconductors, J. Phys. Chem. Sol., 8, p311 (1958).
LUI93 Li, W. W., Yamanaka, Y. Y., Yoshikni, Y., Seki, S., "Suppression of Auger
recombination effects in compressively strained quantum-well lasers", IEEE 
J. Quantum Electron., QE-29, p i 554 (1993).
LUT56 Luttinger, J.M., Phys. Rev., 102, pl030 (1956).
MAD78 Madelung, O., "Introduction to solid-state theory", Springer-Verlag, Berlin
(1978).
MIY89 Miyamoto, Y., Miyake, Y., Asada, M., and Suematsu, Y., "Threshold current
density of GalnAsP/InP Quantum box lasers", IEEE J. Quantum Electron., 
QE-25, p2001 (1989).
NAH79 Nahory, R.E., Pollack, M.A., and DeWinter, J.C., "Temperature dependence
of InGaAsP double-heterostructure laser characteristics". Electron. Lett., 15, 
p695 (1979).
162
NAT62 Nathan, M.I., Dumke, W.P., Burns, G., Dill Jr., F.H., and Lasher, G., Appl. 
Phys. Lett., 1, p62 (1962).
NER92 Nering, R., "Uncooled laser transmitter maintains high performance", Laser 
Focus World, October 1992, p85.
NIC83 Nicholas, R.J., Brummell, M.A., Portal, J.C., Cheng, K.Y., Cho, A.Y., and
Pearsall, T.P., "An experimental determination of enhanced electron g-factors 
in GalnAs-AlInAs heterojunctions". Solid State Comm., 45, p911 (1983).
0 G 0 9 2 a  O ’Gorman, J., Levi, A. F. J., Schmitt-Rink, S., Tanbun-Ek, T., Coblentz, D.
L., and Logan, R. A., "On the temperature sensitivity of semiconductor 
lasers", Appl. Phys. Lett., 60, pl57 (1992).
0 G 0 9 2 b  O ’Gorman, J., Levi, A. F. J., Tanbun-Ek, T., Coblentz, D. L., and Logan, R.
A., "Temperature dependence of long wavelength semiconductor lasers", Appl. 
Phys. Lett., 60, pl058 (1992).
ORE91 O ’Reilly, E.P., Jones, G., Ghiti, A., and Adams, A.R., "Improved performance
due to suppression of spontaneous emission in tensile-strained semiconductor 
lasers", Election. Lett., 27, pl417 (1991).
ORE93 O ’Reilly, E.P., Silver, M., "Temperature sensitivity and high temperature
operation of long wavelength semiconductor lasers", Appl. Phys. Lett., 63, 
p3318 (1993).
ORE94 O ’Reilly, E.P., and Adams, A.R., "Band-structure engineering in strained
semiconductor lasers", IEEE Quantum Electron., QE-30, p366 (1994).
PHE63 Phelan, R.J., Calawa, A.R., Rediker, R.H., Keyes, R.J., and Lax, B., "Infrared
InSb laser diode in high magnetic fields", Appl. Phys. Lett., 3, pl43 (1963).
163
POG92a Poguntke, K.R., and Adams, A.R., "Analysis of radiative efficiency of long 
wavelength semiconductor lasers", Electron. Lett., 28, p41 (1992).
POG92b Poguntke, K.R., and Adams, A.R., "Efficiency of long wavelength lasers from 
and analysis of the temperature amd pressure dependence of their spontaneous 
emission", IEEE J. Quantum Electron., QE-28, p2664 (1992).
QUI62 Quist, T.M., Rediker, R.H., Keyes, R.J., Krag, W.E., Lax, B., McWhorter, 
A.L., and Zeiger, H.J., Appl. Phys. Lett., 1, p91 (1962).
RIN92 Ring, W.S., Adams, A.R., Thijs, P.G.A., and van Dongen, T., "Elimination of 
intervalence band absorption in compressively strained InGaAs/InP 1.5p.m 
MQW lasers observed by hydrostatic pressure measurements". Electron. Lett., 
28, p569 (1992).
SIG81 Sigimura, A., "Band to band Auger recombination effect on InGaAsP laser 
threshold", IEEE J. Quantum Electron., QE-17, p627 (1981).
SIL94 Silver, M., and O ’Reilly, E.P., "Gain and radiative current density in
InGaAs/InGaAsP lasers with electrostatically confined electron states", IEEE 
J. Quantum Electron., QE-30, p547 (1994).
SME86 Smetsers, R.C.G.M., van Etteger, A.P., and Bluyssen, H.J.A., "Optical and 
transport properties of a double heterojunction GaAs/AlGaAs injection laser 
from the shift of the wavelength and the threshold current in a strong 
magnetic field". Semiconductor Sci. Technol., 1, pl21 (1986).
SMI78 Smith, R.A., "Semiconductors", Cambridge University Press (1978).
SU84 Su, C.B., Olshansky, R., Manning, J., and Powazin, W., "Temperature
dependence of threshold current in III-V semiconductor lasers: Experimental
prediction and explanation", Appl. Phys. Lett., 44, plOSO (1984).
164
THI91 Thijs, P.J.A., Binsma, JJ.M ., Tiemeijer, L.F., and van Dongen, T., "Improved
perfomiance 1.5jira wavelength tensile and compressive strained 
InGaAs/InGaAsP quantum well lasers (Invited)" , in Proc. ECOC 1991, p31.
THOSOa Thompson, G.H.B., and Henshall, G.D., "Nonradiative carrier loss and
temperature sensitivity of threshold in 1.27p.m (GAIn)(AsP)/InP DH lasers". 
Electron. Lett., 16, p42 (1980).
THOSOb Thompson, G.H.B., "Physics of Semiconductor Laser Devices", Chichester ;
John Wiley and Sons (1980).
WAN93 Wang, M.C., Kash., K., Zah, C.E., Bhat, R,, and Chuang, S.L., "Measurement
of nonradiative Auger and radiative recombination rates in strained-layer and 
quantum-well systems", Appl. Phys. Lett., 62, p l66  (1993).
WEI93 Weing, M.C., Kash, K., Zah, C.E., Bhat, R., and Chuang, S.L., "Measurement
of non-radiative Auger and radiative recombination rates in strained-layer 
quantum well systems", Appl. Phys. Lett., 62, p i66 (1993).
YAB86 Yablonovitch, E., and Kane, E.O., "Reduction of lasing threshold current
density by the lowering of valence band effective mass", J. Lightwave 
Technol., 4, p504 (1986).
YAM81 Yamada, M., and Ishiguro, H., Jpn. J. Appl. Phys., 20, pl279 (1981).
YAM87 Yaminish, M., and Lee, Y., "Phase dampings of optical dipole moments and
gain spectra in semiconductor lasers", IEEE J. Quantum Election., QE-23, 
p367 (1987).
YAN80 Yano, M., Nishi, H., and Takusagawa, M., "Temperature characteristics of
threshold current in InGaAs/InP double-heterostructure lasers", J. Appl. Phys., 
51, p4022 (1980).
165
YANSla Yano, M., Imai, H., and Takusagawa, M., "Analysis of threshold temperature 
characteristics for InGaAsP/InP double heterojuction lasers", J. Appl. Phys., 
52, p3172 (1981).
YANBlb Yano, M., Imai, H., and Takusagawa, M., "Analysis of electrical threshold and 
temperature characteristics of InGaAsP/InP double heterojunction lasers", 
IEEE J. Quantum Electron., QE-17, pl954 (1981).
YAR88 Yariv, A., "Scaling laws and minimum threshold cuirents for quantum 
confined semiconductor lasers", Appl. Phys. Lett., 53, pl033 (1988).
ZAH94 Zah, C., Bhat, R., Bhadresh, N.P., Favire, F., Lin, M. C., Wang, C., Nicholas,
C. A., Hwang, D. M., Koza, M.A., Lee, T., Wang, Z., Darby, D., Flanders,
D., and Hsieh, J.J., "High-peiformane uncooled 1.3|im Al^GayInj_j^_yAs/InP 
strained-layer quantum-well lasers for subscriber loop applications", IEEE 
J.Quantum Electron., QE-30, p511 (1994).
ZOR86 Zory, P.S. et al., "Anomolous temperature dépendance of threshold for thin 
quantum well AlGaAs diode lasers" Appl. Phys. Lett., 49, p l6  (1986).
ZOU93 Zou, Y., Osinksi, J.S., Gradzinksi, P., Dapkus, P.D., Rideout, W., Sharfin,
W.F., and Crawford, F.D., "Effect of Auger recombination and differential 
gain on the temperature sensitivity of 1.5|im quantum well lasers", Appl. 
Phys. Lett., 62, pl75 (1993).
UNIVERSITY O F SURREY LIBRARY
166
